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I n t r o d u c t i o n  

The commercial  p r o d u c t i o n  o f  l i q u i d  and gaseous  f u e l s  d e r i v e d  from c o a l  and o i l  
s h a l e  i s  c u r r e n t l y  h i n d e r e d  by a v a r i e t y  o f  complex and i n t e r a c t i n g  f a c t o r s .  Conver- 
s i o n  p rocesses  a r e  h i g h l y  c a p i t a l - i n t e n s i v e ,  and t h e i r  p r o d u c t s  a r e  a t  b e s t  e s t i m a t e d  
t o  be on ly  m a r g i n a l l y  c o m p e t i t i v e  w i t h  l anded  wor ld  c rude  o i l  and imported LNG a t  
c u r r e n t  p r i c e s .  Added t o  t h i s  i s  a m u l t i t u d e  o f  c o n s t r a i n i n g  f a c t o r s ,  such a s  r e -  
s o u r c e  a v a i l a b i l i t y ,  p r o t e c t i o n  o f  t h e  environment ,  s o c i o p o l i t i c a l  c o n s i d e r a t i o n s ,  
marke tp l ace  l o g i s t i c s ,  f i n a n c i n g ,  t h e  p o t e n t i a l  e f f e c t s  of competing new t echno logy ,  
and t h e  p o s s i b i l i t y  o f  w ide r  a v a i l a b i l i t y  o f  i n t e r n a t i o n a l  s u p p l i e s  o f  l ower -cos t  
c r u d e  o i l  and n a t u r a l  gas.  

S t rong ly  c o u n t e r i n g  t h i s  s i t u a t i o n  i s  a growing r e a l i z a t i o n  o f  t h e  long-term 
need f o r  supp lemen ta l  s u p p l i e s  o f  gaseous  and  l i q u i d  hydroca rbons  a s  w e  e n t e r  a n  e ra  
i n  which d e p l e t i o n  o f  c o n v e n t i o n a l  r e s o u r c e s  i s  a worldwide conce rn .  Although re- 
cove ry  and c o n v e r s i o n  w i l l  be  c o s t l y ,  t h e  United S t a t e s  h a s  s u b s t a n t i a l  r e s e r v e s  of 
c o a l  and o i l  s h a l e  t h a t  c a n  p r o v i d e  supp lemen ta l  f u e l s .  T h i s  s i t u a t i o n ,  t o g e t h e r  
w i t h  a n a t i o n a l  g o a l  o f  r e d u c i n g  dependence on  o i l  and g a s  impor t s ,  w i l l  l e a d  t o  in -  
c r e a s i n g  p r e s s u r e  f o r  t h e  c o m m e r c i a l i z a t i o n  o f  s y n t h e t i c  f u e l s .  

T h i s  pape r  p r e s e n t s  summary compara t ive  economics e s t i m a t e d  f o r  s y n t h e t i c  f u e l s  
from c o a l  and o i l  s h a l e  and f o c u s e s  on some o f  t h e  impor t an t  f i n a n c i a l  c o n s i d e r a t i o n s  
a s s o c i a t e d  w i t h  t h e  c o m m e r c i a l i z a t i o n  o f  s y n t h e t i c  f u e l s .  Some o f  t h e  p e r t i n e n t  
c o n c l u s i o n s  a r e :  

Upgraded s h a l e  o i l  l i q u i d s  a r e  e s t i m a t e d  t o  be l e s s  e x p e n s i v e  t h a n  
c o a l - d e r i v e d  l i q u i d s  and c a n  be m a r g i n a l l y  c o m p e t i t i v e  w i t h  imported 
c rude  o i l .  

Based on r e c e n t  f i e l d  p i l o t  work, s p e c u l a t i v e  economics look  a t t r a c -  
t i v e  f o r  low-Btu g a s  by underground g a s i f i c a t i o n  o f  c o a l .  La rge - sca l e  
demons t r a t ion  a p p e a r s  d e s i r a b l e .  . A f i n a n c i n g  mechanism s h e l t e r e d  from e x c e s s i v e  r i s k  w i l l  p robab ly  be 
necessa ry  t o  encourage  commercial  s y n t h e t i c  f u e l s  v e n t u r e s .  

The summary economics p r e s e n t e d  a r e  d e r i v e d  from a v a r i e t y  o f  s t u d i e s  r e c e n t l y  pe r -  
formed a t  SRI i n v o l v i n g  t h e  compara t ive  e v a l u a t i o n  of  s y n t h e t i c  f u e l s  from c o a l  and 
o i l  sha l e .  

S t a t u s  o f  Technology 

Cons ide rab le  r e s e a r c h  and  development  a c t i v i t y  i n  t h e  Un i t ed  S t a t e s  h a s  r e c e n t l y  
been devoted t o  t h e  c o n v e r s i o n  o f  s o l i d  f o s s i l  f u e l s  i n t o  t h e  more d e s i r a b l e  energy 
forms--clean g a s e s  and l i q u i d s .  T h i s  i s  f a r  from a new concept .  Coal  h a s  been 
g a s i f i e d  t o  p roduce  town g a s ,  s y n t h e s i s  g a s ,  o r  r e d u c i n g  g a s  on a worldwide s c a l e  
s i n c e  e a r l y  i n  t h e  1 9 t h  cen tu ry .  Underground c o a l  g a s i f i c a t i o n  (UCG) has  been com- 
m e r c i a l l y  p r a c t i c e d  i n  t h e  USSR s i n c e  around 1940. Coal l i q u i d s  have been r ecove red  
from t h e  p y r o l y t i c  cok ing  o p e r a t i o n s  a s s o c i a t e d  w i t h  s t e e l  manufac tu r ing  s i n c e  e a r l y  
i n  t h e  i n d u s t r i a l  r e v o l u t i o n .  More r e c e n t l y ,  d u r i n g  World War 11, conver s ion  o f  
c o a l  t o  l i q u i d  f u e l s  r eached  a p r o d u c t i o n  l e v e l  o f  approx ima te ly  100,000 b a r r e l s  per  
day i n  Germany; and c o a l  l i q u e f a c t i o n  i s  c u r r e n t l y  p r a c t i c e d  commercial ly  on l a r g e  
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s c a l e  i n  South A f r i c a .  However, most o f  t h i s  r e c e n t  p r o d u c t i o n  o f  l i q u i d s  was,  and 
c o n t i n u e s  t o  be, by F i s c h e r - T r o p s c h  s y n t h e s i s  from c o a l - d e r i v e d  g a s e s  (CO + H2). I n  
E s t o n i a ,  recovery  o f  l i q u i d s  from o i l  s h a l e  began commerc ia l ly  i n  t h e  mid-1930s. 
S i n c e  t h a t  t i m e ,  deve lopmenta l  s c a l e  o i l  s h a l e  r e t o r t s  have  been o p e r a t e d  i n  s e v e r a l  
c o u n t r i e s  i n c l u d i n g  t h e  Uni ted  S t a t e s ,  B r a z i l ,  and China. 

TWO n o t a b l e  c o a l  g a s i f i c a t i o n  sys tems t h a t  a r e  a c t i v e l y  marke ted  t h r o u g h o u t  t h e  
wor ld  and commercialized i n  s e v e r a l  c o u n t r i e s  a r e  t h e  f a m i l i a r  L u r g i  f i x e d - b e d  g a s i -  
f i e r  and t h e  Koppers-Totzek e n t r a i n e d  g a s i f i e r .  O t h e r  g a s i f i c a t i o n  sys tems marketed 
commerc ia l ly  a r e :  W i n k l e r ,  McDowell-Wellman, Woodhall-Duckham, Riley-Morgan, and 
W i l p u t  te. 

Coal c o n v e r s i o n  sys tems a t  o r  n e a r i n g  l a r g e - s c a l e  development i n  the U n i t e d  
S t a t e s  o r  w i t h  d i r e c t  U.S. involvement  a r e  l i s t e d  i n  T a b l e  1. A l s o  shown a r e  o i l  
s h a l e  r e t o r t i n g  sys tems t h a t  have  been developed  on a l a r g e  s c a l e  i n  t h e  Uni ted  
S t a t e s  and have been i n d i c a t e d  f o r  u s e  i n  p o t e n t i a l  commercial  v e n t u r e s .  Of t h e  c o a l  
c o n v e r s i o n  systems l i s t e d ,  t h e  L u r g i  g a s i f i e r ,  a s  p r e v i o u s l y  ment ioned ,  h a s  a l r e a d y  
been w i d e l y  commercialized f o r  s y n t h e s i s  g a s  and town gas .  It i s  mentioned h e r e  a s  
a d e v e l o p i n g  system because  o f  i t s  p o t e n t i a l  e x t e n s i o n  t o  p r o d u c t i o n  o f  SNG o r  f u e l  
g a s ,  i n  modi f ied  form t o  p e r m i t  g a s i f i c a t i o n  o f  c a k i n g  c o a l s ,  and f o r  c l o s e  c o u p l i n g  
w i t h  e l e c t r i c  power g e n e r a t i n g  sys tems.  

I n  a d d i t i o n  t o  t h e  d e v e l o p m e n t a l  o i l  s h a l e  r e t o r t i n g  sys tems l i s t e d  i n  T a b l e  1, 
l a r g e - s c a l e  p r o j e c t s  a r e  a l s o  c u r r e n t l y  a c t i v e  i n  B r a z i l  ( P e t r o s i x  p r o c e s s )  and i n  
E s t o n i a  ( t h e  Sovie t -deve loped  G a l o t e r  p r o c e s s ) ,  P l a n s  have  been announced ( l ) ,  (2) 
i n  t h o s e  c o u n t r i e s  t o  b u i l d  c o m m e r c i a l - s c a l e  p l a n t s  u s i n g  t h e  two p r o c e s s e s .  

T h r e e  of t h e  deve lopmenta l  c o a l  c o n v e r s i o n  p r o c e s s e s  mentioned--BG-Lurgi s l a g -  
g i n g ,  CCGAS, and Coalcon--have been  chosen  by t h e  U.S. Energy Research  and Development 
A d m i n i s t r a t i o n  (ERDA) a t  t h i s  t i m e  f o r  more d e t a i l e d  s t u d y  t o  d e t e r m i n e  s u i t a b i l i t y  
f o r  ERDA/industry j o i n t l y  sponsored  l a r g e  c o m m e r c i a l - s c a l e  d e m o n s t r a t i o n .  E v a l u a t i o n  
o f  t h e  f i r s t  two sys tems f o r  SNG c o n t i n u e s  w h i l e  t h e  f u t u r e  o f  t h e  Coalcon "Clean 
B o i l e r  Fuel" d e m o n s t r a t i o n  program i s  now i n  c o n s i d e r a b l e  doubt .  
and a v a r i e t y  o f  i n d u s t r i a l  o r g a n i z a t i o n s  a r e  s u p p o r t i n g  t h e  t h r u s t  toward demonstra- 
t i o n  o f  low- o r  intermediate-BTU g a s  (LBG/IBG) sys tems w i t h  the "Combined C y c l e  T e s t  
F a c i l i t y "  and ERDA's " G a s i f i e r s  i n  I n d u s t r y  Program," which i s  aimed a t  t h e  s m a l l  
and medium s i z e d  u s e r ,  and  their  "Hydrogen from Coal Program." 

I n  a d d i t i o n ,  ERDA 

Economic A n a l y s i s  

Cost i s  n o r m a l l y  t h e  o v e r r i d i n g  c o n s i d e r a t i o n  i n  b r i n g i n g  a new technology i n t o  
t h e  marke tp lace .  I n  t h i s  r e g a r d ,  t h e  most v i s i b l e  c o m p e t i t i o n  i n  t h e  U n i t e d  S t a t e s  
f o r  gaseous  and l i q u i d  f u e l s  from c o a l  and o i l  s h a l e  ( u n l e s s  t h e r e  a r e  s i g n i f i c a n t  
new f i n d s  of  o i l  and g a s  i n  N o r t h  America) i s  impor ted  wor ld  c r u d e  o i l  which i s  c u r -  
r e n t l y  landed  a t  $13 t o  $15 p e r  b a r r e l  ($2.20 t o  $2.50 p e r  m i l l i o n  Btu) and impor ted  
LNG which w i l l  be somewhat more expens ive .  A d d i t i o n a l  c o m p e t i t i o n  f o r  t h e  u s e  o f  
s y n t h e t i c  f u e l s  i n c l u d e s  d i r e c t  f i r i n g  o f  c o a l  f o r  power g e n e r a t i o n  o r  i n d u s t r i a l  h e a t  
( w i t h  o r  w i t h o u t  f l u e  g a s  d e s u l f u r i z a t i o n ) ,  and e v e n t u a l l y  n a t u r a l  g a s  t r a n s p o r t e d  
from n o r t h e r n  Alaska  or the Canadian  f r o n t i e r .  

Most of t h e  c o n v e r s i o n  p r o c e s s e s  l i s t e d  i n  T a b l e  1 have  been t e c h n i c a l l y  and 
economica l ly  e v a l u a t e d  by SRI i n  t h e  c o u r s e  of  a v a r i e t y  o f  r e c e n t  p r o j e c t  work. 
mary p r o c e s s  c o s t  r a n g e s  a r e  p r e s e n t e d  i n  T a b l e  2. C a p i t a l  c o s t s  a r e  p r e s e n t e d  i n  
t e r m s  o f  d o l l a r s  o f  p l a n t  i n v e s t m e n t  p e r  d a i l y  p r o d u c t i o n  o u t p u t  i n  b a r r e l s  o f  o i l  
e q u i v a l e n t .  
economics ( c o s t  o f  s e r v i c e / r a t e  base)  and t h e  d i s c o u n t e d  c a s h  f low (DCF) r a t e  of r e -  
t u r n  a n a l y s i s  commonly used f o r  commercial  v e n t u r e s .  
r a t e s  a r e  29 to 32 p e r c e n t  f o r  t h e  15 p e r c e n t  DCF r a t e  o f  r e t u r n  c a s e s  and 1 5  t o  17 
p e r c e n t  f o r  t h e  r e g u l a t e d  u t i l i t y  a n a l y s i s .  
s t a n t  d o l l a r s .  

Sum- 

Product  c o s t s  a r e  compared both  on t h e  b a s i s  o f  U.S. r e g u l a t e d  u t i l i t y  

R e s u l t i n g  a n n u a l  c a p i t a l  c h a r g e  

A l l  c o s t s  a r e  i n  t e r m s  o f  mid-1977 con- 
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m 
With t h e  h i g h l y  d e b t - l e v e r a g e d  and r e l a t i v e l y  f i n a n c i a l l y  s h e l t e r e d  r e g u l a t e d  

u t i l i t y  a n a l y s i s ,  e s t i m a t e d  p r o c e s s  c o s t s  v a r y  from $1.50 p e r  m i l l i o n  Btu f o r  t h e  
s p e c u l a t i v e  economics a s s o c i a t e d  w i t h  low-Btu g a s  from underground c o a l  g a s i f i c a t i o n  
t o  $5.00 per  m i l l i o n  Btu f o r  methanol  from c o a l  by nea r - t e rm commercial  technology.  
These c o s t s  i n c r e a s e  t o  $2.00 and $7.25 p e r  m i l l i o n ,  r e s p e c t i v e l y ,  f o r  a 100 p e r c e n t  
e q u i t y  DCF a n a l y s i s  y i e l d i n g  a 1 5  p e r c e n t  r a t e  o f  r e t u r n .  On t h e  same DCF b a s i s ,  
Cos t s  f o r  s y n t h e t i c  c r u d e  o i l  from o i l  s h a l e  a r e  i n  t h e  r ange  o f  $2 .75  t o  $3.50 p e r  
m i l l i o n  Btu ($16 t o  $ 2 l / b a r r e l )  f o r  deve lop ing  r e t o r t i n g  and upgrad ing  systems.  
r e g u l a t e d  u t i l i t y  a n a l y s i s  r e s u l t s  i n  c o s t s  25 t o  30 p e r c e n t  lower t h a n  t h o s e  f o r  t h e  
DCF a n a l y s i s .  
t a i l  l a te r  i n  t h e  paper.  

The 

P roduc t  c o s t s  shown i n  T a b l e  2 a r e  compared and d i s c u s s e d  i n  more de- 

A few c a v e a t s  c o n c e r n i n g  t h e  development  o f  t h e s e  c o s t s  a r e  c l e a r l y  i n  o r d e r .  
The c o a l  c o s t s  s p e c i f i e d  a r e  i n t e n d e d  t o  r e p r e s e n t  a mine-mouth c o n v e r s i o n  p l a n t  loca-  
t i o n  and t h e r e f o r e  do n o t  i n c l u d e  c o a l  t r a n s p o r t a t i o n  cha rges .  Fu r the rmore ,  t h e  c o s t s  
p r e s e n t e d  i n  T a b l e  2 a r e  b a t t e r y  l i m i t s  p r o c e s s  c o s t s  and do n o t  i n c l u d e  s p e c i f i c  
s i t e - r e l a t e d  c h a r g e s  t h a t  c a n  be s i g n i f i c a n t ,  depending on t h e  r emoteness  of  l o c a t i o n .  
Some o f  t h e s e  p o t e n t i a l l y  i m p o r t a n t  s i t e - r e l a t e d  f a c t o r s  a r e :  w a t e r  development p r o j -  
e c t s  ( i n c l u d i n g  p i p e l i n e  and s t o r a g e ) ;  mine t o  c o n v e r s i o n - p l a n t  r a i l r o a d s ;  power t r a n s -  
mis s ion  l i n e s ;  a c c e s s  r o a d s ;  p roduc t  p i p e l i n e s ;  e x t e n s i v e  env i ronmen ta l  a n a l y s i s ;  and 
t o w n s i t e  development a c t i v i t i e s .  

These,  t o g e t h e r  w i t h  o t h e r  p o t e n t i a l  s i t e - s p e c i f i c  r equ i r emen t s ,  cou ld  e a s i l y  in -  
c r e a s e  c a p i t a l  i nves tmen t  by 10 to 20 p e r c e n t  and cou ld  add $2.00 t o  $3.00 p e r  b a r r e l  
($0.35 to $0. 50 p e r  m i l l i o n  Btu) o r  more t o  p roduc t  c o s t  f o r  a s y n t h e t i c  f u e l s  v e n t u r e  
i n  a remote l o c a t i o n .  P roduc t  c o s t  r anges ,  based on Tab le  2, b u t  i n c l u d i n g  p r o v i s i o n  
f o r  such s i t e - s p e c i f i c  c o s t s ,  a r e  compared i n  F i g u r e  1. E x c e s s i v e  d e l a y  i n  a t t a i n i n g  
d e s i g n  c a p a c i t y  and p l a n t  m o d i f i c a t i o n s  d u r i n g  s t a r t - u p  o f  new t echno logy  a r e  o t h e r  
f a c t o r s  t h a t  w i l l  add s i g n i f i c a n t l y  t o  c o s t s  f o r  f i r s t - o f - a - k i n d  p l a n t s .  Over t h e  
l i f e  o f  t h e  p r o j e c t ,  t h e s e  i t e m s  cou ld  e a s i l y  c o n t r i b u t e  a d d i t i o n a l  p roduc t  c o s t s  i n  
t h e  r ange  of  $1.00 t o  $3.00 p e r  b a r r e l  ($0.20 t o  $0.50 pe r  m i l l i o n  Btu) .  The c o s t s  
summarized i n  F i g u r e  1 do n o t  i n c l u d e  con t ingency  f o r  p i o n e e r  p l a n t s .  

There i s  some hope o f  p r o c e s s  " l e a r n i n g  curve" c o s t  r e d u c t i o n  o v e r  nea r - t e rm 
technology w i t h  t h e  e v o l u t i o n a r y  development o f  advanced t e c h n o l o g i e s .  Development 
o f  p rocesses  t h a t  e l i m i n a t e  o r  combine p r o c e s s  s t e p s  cou ld  p o t e n t i a l l y  l e a d  t o  s i g -  
n i f i c a n t l y  lower p roduc t  c o s t s .  An example i n  t h e  c a s e  o f  SNG c o u l d  be a system 
s u c c e s s f u l l y  combining p r o c e s s  s t e p s  such a s  g a s i f i c a t i o n ,  s h i f t  c o n v e r s i o n ,  and pe r -  
haps r e d u c i n g  t h e  g a s  c l e a n u p  and me thana t ion  r equ i r emen t s ,  o r  e l i m i n a t i n g  t h e  need 
f o r  a n  oxygen p l a n t .  Such p r o c e s s e s  w i l l  undoubtedly c o n t r i b u t e  a d d i t i o n a l  c o s t s  of 
t h e i r  own, but s i g n i f i c a n t  p o t e n t i a l  e x i s t s  f o r  lower o v e r a l l  c o s t s .  I n  t h e  c a s e  of 
LBG/IBG, lower c o s t s  cou ld  p o t e n t i a l l y  r e s u l t  from s u c c e s s f u l  development  o f  a g a s i -  
f i e r  u s i n g  a s u l f u r  a c c e p t o r  o r  combined w i t h  some o t h e r  t y p e  o f  h o t  gas  c l e a n u p  sys- 
t e m .  The lower c o s t  r a n g e s  i n  T a b l e  2 and F i g u r e  1 r e p r e s e n t  such advanced o r  inno-  
v a t i v e  p rocesses .  Without  such development ,  i t  i s  d o u b t f u l  t h a t  c o s t  r e d u c t i o n s  o f  
g r e a t e r  t han  about  10 p e r c e n t  w i l l  b e  p o s s i b l e  w i t h  f o r e s e e a b l e  c o n v e r s i o n  technology, 
s i n c e  such systems w i l l  p robab ly  be composed p r i m a r i l y  of p l a n t  s e c t i o n s  based on 
a l r e a d y  commercial  o r  near-commercial  technology.  

Outlook f o r  Commerc ia l i za t ion  

C l e a r l y ,  t h e  c o n s i d e r a t i o n s  conce rn ing  commerc ia l i za t ion  w i l l  v a r y  somewhat f o r  
SNG from c o a l ,  LBG/IBG from c o a l ,  c o a l  l i q u i d s ,  and o i l  s h a l e .  I n  v i ew o f  t h e  s t a t u s  
o f  technology,  t h e  economics o f  p r o d u c t i o n ,  and o t h e r  f a c t o r s ,  what  a r e  t h e  p r o s p e c t s  
f o r  commerc ia l i za t ion?  The f o l l o w i n g  p r o g n o s i s  i s  o f f e r e d .  
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SNG from Coal :  The e s t i m a t e d  c o s t  of SNG from w e s t e r n  U.S. subbi tuminous 
c o a l  u s i n g  c o n v e n t i o n a l  L u r g i  g a s i f i c a t i o n  t echno logy  i n  a c o a l f i e l d  l o c a t i o n  
i s  e s t i m a t e d  t o  be $3.75 to $4.25 p e r  m i l l i o n  Btu ( c o a l  a t  $7  p e r  t o n ) ,  which 
i s  c l e a r l y  n o t  c o m p e t i t i v e  d i r e c t l y  w i t h  n a t u r a l  g a s  marketed e i t h e r  on a n  
i n t e r s t a t e  o r  i n t r a s t a t e  b a s i s .  However, a mass ive  and i n t r i c a t e  d i s t r i b u -  
t i o n  system e x i s t s  f o r  t r a n s m i t t i n g  energy i n  t h e  form o f  high-Btu g a s  d i -  
r e c t l y  t o  t h e  consumer.  
marke tp l ace  w i l l  be  a pr ime c o n s i d e r a t i o n ,  t h e r e  w i l l  be s t r o n g  i n c e n t i v e  
t o  u s e  t h e s e  e x i s t i n g  d i s t r i b u t i o n  systems f o r  SNG. P o t e n t i a l  d i r e c t  a l te r -  
n a t i v e  c o m p e t i t o r s  f o r  SNG from c o a l  i n  t h e  United S t a t e s  a r e  imported LNG 
and  n a t u r a l  g a s  t r a n s m i t t e d  from t h e  n o r t h e r n  f r o n t i e r  a r e a s  o f  Nor th  
A m e r i c a .  However, these a l t e r n a t i v e s  w i l l  a lso i n v o l v e  ex t r eme ly  l a r g e  
f r o n t - e n d  inves tmen t ,  and some w i l l  have t h e  a d d i t i o n a l  d i s a d v a n t a g e s  
a s s o c i a t e d  w i t h  s e c u r i t y  o f  supply.  Of c o u r s e ,  ene rgy  conve r s ion ,  t r a n s -  
m i s s i o n ,  and d i s t r i b u t i o n  v i a  e l e c t r i f i c a t i o n  i s  a c o m p e t i t o r ,  b u t  a g a i n  
t h e  c o s t s  f o r  t h a t  a l t e r n a t i v e  a r e  a l s o  s i g n i f i c a n t  ( 3 ) ,  and compara t ive  
c o s t s  a r e  h i g h l y  dependen t  on l o c a t i o n .  

Some SNG technology i s  now n e a r  commercial  and a d d i t i o n a l  systems a r e  r eady  
f o r  commercial-scale  demons t r a t ion .  However, t h e  c o s t  o f  c o n v e r s i o n  p l a n t s  
w i l l  o f t e n  be l a r g e  i n  r e l a t i o n  t o  t h e  c a p i t a l i z a t i o n  o f  companies p l a n n i n g  
t o  b u i l d  such p l a n t s ,  t h u s  making f i n a n c i n g  d i f f i c u l t  w i t h o u t  some t y p e  
o f  g u a r a n t e e  f o r  t h e  l e n d i n g  i n s t i t u t i o n .  I f  r e g u l a t o r y  a p p r o v a l  n e c e s s a r y  
f o r  t h e  gas  p r i c i n g  s t r u c t u r e  p e r m i t s  r o l l i n g - i n  o f  t h e  h i g h e r  c o s t  o f  SNG, 
t h e n  commerc ia l i za t ion  would p robab ly  f o l l o w ,  a l t h o u g h  i t  i s  l i k e l y  t h a t  
some t y p e  o f  deb t  g u a r a n t e e  w i l l  a l s o  b e  r e q u i r e d .  

Because of necessa ry  r e g u l a t o r y  a p p r o v a l s ,  t h e  p r o b a b l e  need f o r  f e d e r a l  
f i n a n c i a l  s h e l t e r i n g ,  and the l ead - t ime  necessa ry  f o r  p l a n t  c o n s t r u c t i o n ,  
i t  i s  d o u b t f u l  t h a t  any p l a n t s  based on Lurg i  t echno logy  cou ld  be on s t r e a m  
b e f o r e  1985. However, w i t h  r e g u l a t o r y  and f i n a n c i a l  approaches  now under  
d i s c u s s i o n ,  some commer i l a l  o p e r a t i o n  a p p e a r s  l i k e l y  i n  t h e  p e r i o d  1985-1990. 

T h e r e f o r e ,  w h i l e  i n t e r f u e l  c o m p e t i t i o n  a t  t h e  

LBGjIBG from Coal:  LBG/IBG from bi tuminous c o a l  i n  a n  e a s t e r n  U.S. l o c a t i o n  
w i t h o u t  s i t e - r e l a t e d  f a c t o r s  i n c l u d e d  i s  e s t i m a t e d  t o  c o s t  abou t  $3.25 p e r  
m i l l i o n  Btu f o r  commercial  t e c h n o l o g y  and r ang ing  t o  abou t  $2.50 p e r  m i l l i o n  
Btu f o r  some deve lopmen ta l  p r o c e s s e s .  

High conve r s ion  p l a n t  i n v e s t m e n t  and  p r o d u c t i o n  c o s t s  w i l l  l i m i t  marke t s  f o r  
LBG/IBG i n  t h e  n e a r  term; however,  some marke t s  may deve lop  i n  t h e  1980s due 
t o  t h e  c u r t a i l m e n t  o f  n a t u r a l  gas ,  o r  where t h e  d i r e c t  use o f  c o a l  o r  heavy 
o i l  is excluded.  P o t e n t i a l  marke t s  f o r  LBG/IBG technology i n c l u d e  u t i l i t y  power 
g e n e r a t i o n  ( 4 ) ,  i n d u s t r i a l  f u e l  ( 5 ) ,  s y n t h e s i s  g a s  a s  a chemica l  f e e d s t o c k ,  
and r e d u c i n g  g a s e s  f o r  t h e  p r imary  me ta l  i n d u s t r i e s .  The p r o d u c t i o n  o f  
s y n t h e s i s  g a s  from c o a l  may be most a t t r a c t i v e  i n  a r e a s  o f  t h e  United S t a t e s  
where chemical  manufac tu r ing  i s  h e a v i l y  c o n c e n t r a t e d ,  t h e r e f o r e  p e r m i t t i n g  
c o n s t r u c t i o n  o f  l a r g e  c e n t r a l  conve r s ion  f a c i l i t i e s .  

The l o g i s t i c s  o f  c o a l  and g a s  are  i m p o r t a n t  when comparing c o m p e t i t i v e  mar- 
k e t s  f o r  SNG from c o a l  w i t h  LBG/IBG from coa l .  For  example,  c o a l  supp ly ,  
d i s t r i b u t i o n ,  and h a n d l i n g  c o n s i d e r a t i o n s  may add s i g n i f i c a n t l y  t o  t h e  c o s t  
f o r  t h e  small  LBG/IBG produce r .  T h e r e f o r e ,  an  SNG-from-coal f a c i l i t y  f eed -  
i n g  e x i s t i n g  n a t u r a l  g a s  d i s t r i b u t i o n  networks may d e l i v e r  high-Btu g a s  t o  
l o c a l  markets  c o m p e t i t i v e l y  w i t h  s m a l l - s c a l e  systems p roduc ing  LBG o r  I B G  f o r  
t h o s e  markets .  Moreover,  even  when l a r g e  c e n t r a l i z e d  p r o d u c t i o n  f a c i l i t i e s  
a r e  used, bo th  LBG and I B G  w i l l  r e q u i r e  l i m i t e d  bu t  e x p e n s i v e  g a s  d i s t r i b u t i o n  
sys t ems  which may make d e l i v e r e d  SNG l e s s  expensive.  T h i s  t y p e  o f  comparison 
i s  h i g h l y  s i t e - s p e c i f i c ,  and g e n e r a l i z a t i o n . i s  d i f f i c u l t .  

Recent  e x p e r i m e n t a l  f i e l d  p i l o t  work (6) conducted by ERDA's Laramie Energy 
Research Center  (LERC) i n  t h e  Hanna Basin i n  Wyoming i n d i c a t e s  p r o g r e s s  
toward development o f  a n  o p e r a b l e  underground c o a l  g a s i f i c a t i o n  system i n  
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t h e  United S t a t e s .  
f o r  low-Btu g a s  o f  abou t  $1.50 p e r  m i l l i o n  Btu on  t h e  b a s i s  o f  r e g u l a t e d  
u t i l i t y  economics.  Remote s i t e - r e l a t e d  c o s t s  c o u l d  i n c r e a s e  t h i s  t o  abou t  
$2.00 per  m i l l i o n  Btu. C o a l f i e l d  g a s - f i r e d  power g e n e r a t i o n  w i l l  be t h e  
primary market f o r  t h i s  gas.  Recent  c o s t  e s t i m a t e s  (7) i n d i c a t e  t h a t  t h i s  
may be c o m p e t i t i v e  w i t h  mine-mouth power g e n e r a t i o n  by d i r e c t  f i r i n g  o f  
c o a l  w i th  f l u e  g a s  d e s u l f u r i z a t i o n .  Based on r e c e n t  LERC e x p e r i e n c e ,  i t  
appea r s  t h a t  deve lopmen ta l  c o s t s  f o r  UCG a r e  i n  some c a s e s  p robab ly  t h e  low- 
e s t  o f  any o f  t h e  s y n t h e t i c  f u e l  t ypes .  UCG w i l l  e l i m i n a t e  most o f  t h e  ob- 
j e c t i o n s  o f  s t r i p m i n i n g  o f  c o a l  and c a n  pe rmi t  u t i l i z a t i o n  o f  t h i c k  deep o r  
o the rwise  d i f f i c u l t  t o  mine c o a l  seams, a l t h o u g h  s u r f a c e  subs idence  and d i s -  
r u p t i o n  and c o n t a m i n a t i o n  o f  a q u i f e r s  a r e  p o t e n t i a l l y  s e r i o u s  problems. 
Underground g a s i f i c a t i o n  c o n t r o l  problems w i l l  have t o  be i d e n t i f i e d  and 
overcome b e f o r e  low-Btu g a s  from UCG can  be used i n  i t s  most l o g i c a l  market--  
c o a l f i e l d - l o c a t e d  power g e n e r a t i o n .  UCG t echno logy  i s  i n  t h e  e a r l y  s t a g e s  
o f  development i n  t h e  United S t a t e s ;  however, based on c u r r e n t  f i e l d  t e s t  
r e s u l t s ,  l a r g e - s c a l e  demons t r a t ion  now a p p e a r s  d e s i r a b l e  t o  v e r i f y  specu la -  
t i v e  economics,  prove n e c e s s a r y  o p e r a b i l i t y ,  and a s s e s s  env i ronmen ta l  e f f e c t s .  
F u t u r e  commerc ia l i za t ion  w i l l ,  o f  c o u r s e ,  be dependent  on d e m o n s t r a t i o n  r e -  
s u l t s .  Development i s  n o t  f a r  enough advanced a t  t h i s  time to p r e d i c t  when 
commercial  a p p l i c a t i o n  might  occur .  

Coal L i q u e f a c t i o n :  Coa l -de r ived  l i q u i d s  appea r  t o  f a c e  a more d i f f i c u l t  
c o m p e t i t i v e  s i t u a t i o n  t h a n  c o a l - d e r i v e d  g a s e s ,  s i n c e  t h e y  w i l l  compete d i -  
r e c t l y  w i t h  imported o i l  i n  pe t ro l eum l i q u i d s  markets .  L i q u i d s  from o i l  
s h a l e  w i l l  a l s o  compete d i r e c t l y  i n  t h e s e  marke t s .  

Cos t s  f o r  l ow-su l fu r  l i q u i d s  and b o i l e r  f u e l  w i t h  deve lopmen ta l  systems a r e  
e s t ima ted  h e r e  t o  be i n  t h e  r ange  o f  $3.50 t o  $4.50 p e r  m i l l i o n  Btu ($21  t o  
$26  p e r  b a r r e l )  f o r  a 15 p e r c e n t  DCF r a t e  o f  r e t u r n .  The r e g u l a t e d  u t i l i t y  
f i n a n c i n g  a n a l y s i s  does  lower t h i s  to t h e  $15 t o  $19 p e r  b a r r e l  range.  How- 
e v e r ,  s i t e - s p e c i f i c  f a c t o r s  cou ld  e a s i l y  add $2 t o  $ 3  p e r  b a r r e l  t o  t h e  c o s t s .  

P roduc t ion  o f  methanol  from c o a l  by g a s i f i c a t i o n  and c a t a l y t i c  methanol  
s y n t h e s i s  i s  somewhat more e x p e n s i v e  than  d i r e c t  l i q u e f a c t i o n  o f  c o a l  be -  
cause  of lower c o n v e r s i o n  e f f i c i e n c i e s  (40 t o  50 p e r c e n t  v e r s u s  65 t o  
70 percent)  and s i g n i f i c a n t l y  h i g h e r  c a p i t a l  c o s t s .  Based on a DCF r a t e  o f  
r e t u r n  a n a l y s i s ,  t h e  c o s t  o f  me thano l  from c o a l  i s  e s t i m a t e d  a t  a l i t t l e  Over 
$7.00 p e r  m i l l i o n  Btu u s i n g  n e a r  term commercial  t echno logy  b e f o r e  p r o v i d i n g  
f o r  remote s i te  c o s t s .  Even assuming c o s t  r e d u c t i o n s  due t o  e v o l u t i o n a r y  
improvements i n  t echno logy ,  and when u s i n g  a h i g h l y  d e b t - l e v e r a g e d  r e g u l a t e d  
u t i l i t y  economic a n a l y s i s ,  t h e  e s t i m a t e d  c o s t  o f  methanol  from c o a l  exceeds  
$4.00 per  m i l l i o n  Btu o r  $22.00 p e r  o i l - e q u i v a l e n t  b a r r e l  on t h e  p r o c e s s  
b a s i s  used. DCF c o s t s  on t h e  same b a s i s  a r e  approx ima te ly  $6.00 pe r  m i l l i o n  
Btu o r  about  $35 p e r  o i l - e q u i v a l e n t  b a r r e l .  

Large p i l o t  p l a n t s  f o r  t h e  d i r e c t  p r o d u c t i o n  o f  l i q u i d s  from c o a l  a r e  now 
i n  va ry ing  s t a g e s  o f  d e s i g n ,  c o n s t r u c t i o n ,  and o p e r a t i o n .  However, because 
o f  t h e  h igh  e s t i m a t e d  c o s t s ,  i t  i s  d o u b t f u l  t h a t  t h e r e  w i l l  be  any s i g n i f i -  
c a n t  commercial  p r o d u c t i o n  o f  l i q u i d s  from c o a l ,  o t h e r  t h a n  from p o t e n t i a l  
government-sponsored commercial  s c a l e  demons t r a t ion  programs, b e f o r e  t h e  
mid-l990s,  a t  t h e  e a r l i e s t .  Fu r the rmore ,  t h e r e  a p p e a r s  t o  b e  l i t t l e  p r o s p e c t  
of methanol be ing  produced from c o a l  i n  t h e  United S t a t e s  i n  t h e  f o r e s e e a b l e  
f u t u r e .  

O i l  Shale:  Even though t h i s  pape r  i s  p a r t  o f  a s e s s i o n  a d d r e s s i n g  t h e  com- 
p a r a t i v e  economics o f  c o a l  c o n v e r s i o n  p r o c e s s e s ,  i t  i s  a p p r o p r i a t e  t h a t  pro- 
d u c t i o n  o f  l i q u i d s  from o i l  s h a l e  b e  cons ide red .  

Based on  a v a r i e t y  o f  SRI s t u d i e s ,  t h e  c o s t s  o f  an upgraded s y n t h e t i c  c rude  
o i l  u s ing  developmental  r e t o r t i n g  systems a r e  e s t i m a t e d  (Tab le  2) t o  be i n  
t h e  r ange  o f  $2.75 t o  $3.50 p e r  m i l l i o n  Btu ($16 t o  $21  pe r  b a r r e l )  f o r  a 

S p e c u l a t i v e  economic e s t i m a t e s  i n d i c a t e  p r o c e s s  c o s t s  

- 
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d i s c o u n t e d  cash  f low r a t e  o f  r e t u r n  o f  1 5  p e r c e n t .  The e q u i v a l e n t  c o s t s  f o r  
r e g u l a t e d  u t i l i t y  f i n a n c i n g  a r e  i n  t h e  $12 t o  $15 p e r  b a r r e l  r ange .  
i s  f e a s i b l e  to p roduce  and  s h i p  raw s h a l e  o i l  o r  a l i g h t l y  upgraded h igh  
n i t r o g e n  c o n t e n t  p r o d u c t ,  t h e  c o s t  would b e  $3 t o  $5 p e r  b a r r e l  less  a t  t h e  
p l a n t  t h a n  f o r  a h i g h l y  h y d r o t r e a t e d ,  l ow-n i t rogen  s y n t h e t i c  c rude .  Even 
though s i t e - s p e c i f i c  f a c t o r s  c o u l d  e a s i l y  add $2 t o  $3 p e r  b a r r e l  t o  t h e  
above c o s t s ,  s h a l e  s y n c r u d e  w i t h  a s h e l t e r e d . f i n a n c i a 1  b a s i s  a p p e a r s  t o  b e  
m a r g i n a l l y  c o m p e t i t i v e  w i t h  imported o i l  ( F i g u r e  1). 

Sha le  o i l  p roduc t  c o s t s  a re  e s t i m a t e d  t o  be s i g n i f i c a n t l y  lower t h a n  c o s t s  
f o r  c o a l - d e r i v e d  l i q u i d s .  However, i t  should b e  emphasized t h a t  t h e  g r c a t e s t  
t e c h n i c a l  and economic r i s k s  i n  o i l  s h a l e  p r o d u c t i o n  a r e  i n  s h a l e  mining and 
d i s p o s a l  o f  s p e n t  s h a l e .  I n  t h e  c a s e  o f  c o a l  l i q u e f a c t i o n ,  u n c e r t a i n t i e s  
a s s o c i a t e d  w i t h  t h e  min ing  o f  c o a l  and d i s p o s a l  o f  a s h  a r e  c o n s i d e r a b l y  l e a s .  
L a r g e - s c a l e  p i l o t  t e s t i n g  o f  s e v e r a l  r e t o r t i n g  t e c h n o l o g i e s  h a s  been c a r r i e d  
o u t .  Some o f  t h i s  t echno logy  i s  now r e a d y  f o r  commerc ia l - sca l e  demons t r a t ion .  
Such a d e m o n s t r a t i o n  i n  a d d i t i o n  t o  p r o v i n g  r e t o r t i n g  t echno logy  r e l i a b i l i t y  
would p rov ide  answers  t o  s e r i o u s  q u e s t i o n s  c o n c e r n i n g  mining t echno logy ,  
o v e r a l l  economics,  and e n v i r o n m e n t a l  e f f e c t s .  

The l ead - t ime  n e c e s s a r y  f o r  c o n s t r u c t i o n  of a commerc ia l - sca l e  p l a n t  would 
now probably p r e c l u d e  o i l  s h a l e  o p e r a t i o n  p r i o r  t o  a b o u t  1985, even w i t h  an  
e a r l y  d e c i s i o n  t o  c o n s t r u c t  a p l a n t .  I n  g e n e r a l ,  w i t h  a c c e s s  t o  wor ld  o i l  
p r i c e s  and a s h e l t e r e d  f i n a n c i a l  p o s i t i o n ,  t o g e t h e r  w i t h  r e s o l u t i o n  o f  en- 
v i ronmen ta l  c o n s t r a i n t s ,  some commercial  p r o d u c t i o n  shou ld  deve lop  i n  t h e  
p e r i o d  1985-1990. 

Any d i s c u s s i o n  a t  t h i s  t i m e  o f  t h e  c o m m e r c i a l i z a t i o n  o f  s y n t h e t i c  f u e l s  i s  n o t  

I f  it 

comple t e  wi thou t  a d d r e s s i n g  t h e  i s s u e  o f  p o t e n t i a l  f e d e r a l  government i n c e n t i v e s .  
During t h e  1973-1976 p e r i o d ,  a t  l e a s t  t h r e e  i n d u s t r i a l  g roups  were w i l l i n g  t o  i n i -  
t i a t e  commercial  SNG-from-coal p r o j e c t s ,  assuming t h e i r  SNG p r i c i n g  s t r u c t u r e  was 
approved by t h e  F e d e r a l  Power Commission, No a d d i t i o n a l  f e d e r a l  i n c e n t i v e s  o r  f inan -  
c i a l  s h e l t e r i n g  were a p p a r e n t l y  f e l t  t o  b e  n e c e s s a r y  t o  a s s i s t  c o m m e r c i a l i z a t i o n  a t  
t h a t  t ime.  Moreover,  a t  l e a s t  f o u r  i n d u s t r i a l - s p o n s o r e d  o i l  s h a l e  p r o j e c t s  were 
s e t  t o  move forward w i t h o u t  f e d e r a l  a s s i s t a n c e ;  i ndeed ,  t h e  o i l  s h a l e  g roups  i n  most 
c a s e s  pa id  l a r g e  f ron t - end  f e d e r a l  l e a s e  bonuses  f o r  t h e  “ o p p o r t u n i t y ”  t o  do so. 

Cos t  e s c a l a t i o n  h a s  s i n c e  magn i f i ed  t h e  r i s k  o f  t h e s e  v e n t u r e s  t o  a l e v e l  where 
t h e  sponsor s  have i n d i c a t e d  t h a t  some t y p e  o f  f i n a n c i a l  i n c e n t i v e  a n d / o r  r i s k  r educ -  
t i o n  mechanism i s  now n e c e s s a r y .  Four  p o t e n t i a l  i n c e n t i v e s  o f t e n  d i s c u s s e d  t o  a s s i s t  
t h e  commerc ia l i za t ion  o f  s y n t h e t i c  f u e l s  p r o c e s s e s  a r e :  

F e d e r a l l y  g u a r a n t e e d  c o n s t r u c t i o n  l o a n s  

Product  p r i c e  s u p p o r t s  

Tax c r e d i t s  

s C o n s t r u c t i o n  g r a n t s .  

These i n c e n t i v e s  a r e  d i s c u s s e d  i n  d e t a i l  i n  t h e  r e p o r t  summarizing r e s u l t s  o f  

While t h i s  t e c h n i q u e  
t h e  Synfue l s  I n t e r a g e n c y  Task Force  Study i n  1975 (8). S i n c e  1975, Congress  h a s  
focused  l e g i s l a t i v e  a t t e n t i o n  on  t h e  u s e  o f  l o a n  g u a r a n t e e s .  
i s  now being sought  by r e g u l a t e d  p r o d u c e r s  f o r  c o n s t r u c t i o n  o f  SNG p l a n t s ,  t h e r e  i s  
no such consensus a b o u t  l o a n  g u a r a n t e e s  among n o n r e g u l a t e d  p roduce r s  f o r  v e n t u r e s  
i n v o l v i n g  s y n t h e t i c  l i q u i d s  p l a n t s .  

An a l t e r n a t i v e  t o  t h e  i n c e n t i v e  approach  i s  a m o d i f i c a t i o n  o f  t h e  s o - c a l l e d  
government-owned, company o p e r a t e d  (GOCO) approach.  During World War 11, p r o c e s s e s  
f o r  t h e  p roduc t ion  o f  h i g h  o c t a n e  g a s o l i n e  and s y n t h e t i c  r u b b e r  were developed w i t h  
f e d e r a l  a s s i s t a n c e .  The f e d e r a l  government p rov ided  t h e  r i s k  c a p i t a l  f o r  i n i t i a l  
c o n s t r u c t i o n  and o p e r a t i o n  o f  p i o n e e r  commerc ia l - sca l e  demons t r a t ion  p l a n t s  and 
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when t h e  p l a n t s  were commercial ly  proven, t h e y  were s o l d  on a b i d  b a s i s  t o  t h e  indus -  
t r i a l  deve lope r ,  o r  t o  some o t h e r  company. T h i s  t y p e  o f  approach may now be necessa ry  
t o  a s s i s t  c o n s t r u c t i o n  o f  p i o n e e r  p l a n t s ,  p a r t i c u l a r l y  f o r  c o a l  l i q u e f a c t i o n ,  o i l  
s h a l e ,  and second-gene ra t ion  SNG systems now under  development.  

Summary and Overview 

Commercial v i a b i l i t y  o f  s y n t h e t i c  f u e l s  o p e r a t i o n  i n  t h e ' n e a r  term i s  c l e a r l y  
q u e s t i o n a b l e  because o f  t h e  c o m p e t i t i o n  w i t h  n a t u r a l  g a s  and impor t ed  o i l .  
on t h e  economic a n a l y s e s  d i s c u s s e d  i n  t h i s  pape r ,  LBG/IBG from c o a l  and l i q u i d s  from 
o i l  s h a l e  appea r  t o  have t h e  b e s t  chances  f o r  nea r - t e rm commercial  a p p l i c a t i o n .  
However, f i n a n c i a l  s u c c e s s  appea r s  t o  be c o n t i n g e n t  on economics based  o n  a s h e l t e r e d  
f i n a n c i a l  p o s i t i o n  t o  p e r m i t  r a t e s  o f  r e t u r n  c h a r a c t e r i s t i c  o f  a r e g u l a t e d  u t i l i t y  
producer .  SNG from c o a l ,  w h i l e  e s t i m a t e d  t o  be more c o s t l y  t h a n  LBG/IBG and s h a l e  
l i q u i d s ,  may s e e  e a r l i e r  commerc ia l i za t ion  because  o f  a n  e x i s t i n g  s h e l t e r e d  r e g u l a -  
t o r y  p o s i t i o n  and because e x i s t i n g  t r a n s m i s s i o n ,  d i s t r i b u t i o n ,  and u t i l i z a t i o n  s y s -  
tems a r e  a v a i l a b l e  f o r  t h e  product .  

Based 

Es t ima ted  c o s t s  f o r  developmental  conve r s ion  p r o c e s s e s  may be reduced by pe rhaps  
20 pe rcen t  or a l i t t l e  more w i t h  e v o l u t i o n a r y  t echno logy ,  bu t  g r e a t e r  c o s t  r e d u c t i o n s  
a r e  d i f f i c u l t  t o  f o r e s e e .  A n o t a b l e  e x c e p t i o n  i s  underground c o a l  g a s i f i c a t i o n  
which,  w h i l e  be ing  ex t r eme ly  s i t e - s p e c i f i c  and a t  a n  e a r l y  s t a g e  o f  development i n  
t h e  United S t a t e s ,  c a n  have a t t r a c t i v e  economics.  

I n c e n t i v e s  c u r r e n t l y  d i s c u s s e d  may be s u f f i c i e n t  t o  commerc ia l i ze  f i r s t -  
g e n e r a t i o n  c o a l  g a s i f i c a t i o n  sys t ems ;  however, an  a l t e r n a t i v e  such a s  government- 
f i nanced  p l a n t  c o n s t r u c t i o n  and o p e r a t i o n  p r i o r  t o  s u c c e s s f u l  commercial  demonstra-  
t i o n  w i t h  s a l e  t o  t h e  d e v e l o p e r J o p e r a t o r  may be necessa ry '  f o r  commerc ia l i za t ion  o f  
p ionee r  t echno log ie s .  Even when ana lyzed  u s i n g  t h e  most a t t r a c t i v e  f i n a n c i a l  s i t u a -  
t i o n ,  t h e  c o s t s  o f  s y n t h e t i c  f u e l s  (UCG i s  a p o t e n t i a l  excep t ion )  w i l l  be a t  b e s t  
marg ina l  w i t h  t o  w e l l  above t h e  c u r r e n t  and nea r - t e rm p r o j e c t e d  p r i c e s  o f  n a t u r a l  
g a s  and imported o i l .  

I t  becomes i n c r e a s i n g l y  appa ren t  t h a t  it i s  d e s i r a b l e  f o r  t h e  United S t a t e s  t o  
expand i t s  a b i l i t y  t o  deve lop  a d d i t i o n a l  i nd igenous  s u p p l i e s  o f  hydrocarbons,  bo th  
t o  i n c r e a s e  t h e  base  o f  a s e c u r e  supp ly  and t o  r educe  t h e  p o t e n t i a l l y  a d v e r s e  e f f e c t  
t h a t  e x c e s s i v e  impor t s  w i l l  have on  t h e  U.S. t r a d e  ba l ance .  However, t h e  f r e e  market  
d r i v i n g  f o r c e  f o r  nea r - t e rm l a r g e - s c a l e  c o m m e r c i a l i z a t i o n  o f  s o l i d  f o s s i l  f u e l  con- 
v e r s i o n  p r o c e s s e s  i s  tenuous.  Some s p e c i f i c  marke t ing  s i t u a t i o n s  w i l l  deve lop ;  bu t  
i n  t h e  nea r -  t o  i n t e r m e d i a t e - t e r m  t h e s e  w i l l  be  caused  more by s h o r t a g e s  of conven- 
t i o n a l  f u e l s  r a t h e r  t h a n  by p r i c e  compe t i t i on .  I n  t h e  meantime, l a r g e - s c a l e  r e s e a r c h  
and development o f  a v a r i e t y  o f  systems h a s  r eached  a s i g n i f i c a n t  l e v e l  o f  s o p h i s t i -  
c a t i o n  and accomplishment.  Commercial-scale  demons t r a t ion  o f  s e l e c t e d  t e c h n o l o g i e s  
because o f  t h e  long  l e a d - t i m e  necessa ry  t o  commerc ia l i ze  such t echno logy  i s  now de- 
s i rable  t o  a s s i s t  i n  t h e  s e l e c t i o n  o f  t h e  b e s t  nea r -  t o  i n t e r m e d i a t e - t e r m  p r o c e s s e s  
and f o r  t h e  b e n e f i t  o f  l ong- t e rm ongoing r e s e a r c h  and development .  

Acknowledgment: SRI's Energy Center  and Chemical E n g i n e e r i n g  Labora to ry  have b e e n  
involved i n  compara t ive  t e c h n i c a l  and economic e v a l u a t i o n s  o f  s y n t h e t i c  f u e l s  
p r o c e s s e s  s i n c e  t h e  mid-1960s. Acknowledgment i s  made o f  t h e  many s t a f f  members 
from t h e s e  two g roups  who p a r t i c i p a t e d  i n  t h e  development o f  background m a t e r i a l  
f o r  t h i s  paper .  
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T a b l e  1 

MAJOR COAL CONVERSION AND OIL SHALE RETORTING SYSTEMS NOW UNDER DEVELOPMENT 

COAL GASIFICATION 

Name - 
rn 
'111 
B 

SNG 

k - Lurgi  

- BG-Lurgi 

- HYGAS 

- C 0 2  Acceptor  

- BIGAS 

- Synthane  

1 
1 

0 LBGIIBG~ 

- L u r g i  

- BG-Lurgi 

- Texaco ( P a r t i a l  O x i d a t i o n )  

- Combustion E n g i n e e r i n g  

- Battel le  (Agglomera t ing  Ash) 

- Westinghouse 

2 

- GEGAS 

- Underground g a s i f i c a t i o n  

COAL LIQUEFACTION 

S o l i d  B o i l e r  F u e l  

- S o l v e n t  R e f i n e d  Coal 

Low-Sulfur O i l  

- H-Coal 

- Exxon Donor S o l v e n t  

- S y n t h o i l  

- Coalcon 

OIL SHALE RETORTING 

0 Liqu ids  P r o d u c t i o n  

- TOSCO I1 

- Paraho  

m 

Fixed-bed, d r y - a s h  

Fixed-bed, s l a g g i n g  

F l u i d - b e d  

Flu id-bed  

E n t r a i n e d  

Flu id-bed  

Fixed-bed, d r y - a s h  

Fixed-bed, s l agg ing  

E n t r a i n e d  

E n t r a i n e d  

Flu id-bed  

Flu id-bed  

Fixed-bed 

Laramie ERC t e c h n i q u e  

d o n c a t a l y t i c  

D i r e c t  c a t a l y t i c  

I n d i r e c t  c a t a l y t i c  

D i r e c t  c a t a l y t i c  

Nonca t a l y t i c  

C i r c u l a t i n g  Heat  C a r r i e r  

I n t e r n a l  Combustion 

- O c c i d e n t a l  I n  s i t u  

'LOW o r  i n t e r m e d i a t e  Btu gas  

'This g e n e r a l  t y p e  of technology is a l s o  under development j o i n t l y  by t h e  Royal 
Dutch S h e l l  Group and Krupp/Koppers 
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Coal Convcrsion Plant  Cost  Escalation 

Stanley 1,. Cohcn and F r e d  P. Hayoz 

'TRW Sys tems  and Encrgy 
One Spacc Park, Redondo Rcach,  CA 90278 and 
7600 Co l sh i r c  Drive,  McLcan ,  VA 22101 

Coal conversion plants a r e  capi ta l  intensive.  
der ived synthetic fuels ar ise  f r o m  iixcd charges (1)  and the cost  o f  commerc ia l -  
s i zed  plants a r c  such that capi ta l  availabil i ty is a ma jo r  problcm. 
evaluations of coal  conversion p r o c e s s e s  a r e  strongly influcnccd by the capi ta l  
cos t  es t imates  used.  
to substantial  escalation due to inflation. 
construction required for  coal  conversion plants compounds, both the effccts o f  
escalation and i n t e r e s t  during construction. 

Since escalation heavily impac t s  coal  conversion economics,  a study was  under-  
taken for  ERDA to: 1. Identify and quantify f ac to r s  contributing to the r eccn l  
escalation o f  coal-based fuel  plant cost  e s t ima tes .  2. Idcntify indices  which. in 
the p a s t  have bes t  ref lected inflation cscalation of coal conversion plants,  and 
3. 

At l e i s t  half the p r i c e  of coal-  

Thus,  economic 

F u r t h e r ,  t hese  e s t ima tes  in recent  y e a r s  have been subject 
Also ,  the long per iods of planning and 

Suggest p rocedures  for  predict ing future  capi ta l  cost  escalation. 

Escalation analysis  r e q u i r e s  a t  l e a s t  two cost  e s t ima tes  of the s a m e  plant  made  
a t  different t imes.  
s e v e r a l  plants all using the same p r o c e s s  and having ahout the same capacity.  
The  only available s c t s  of e s t i m a t e s  meeting the above r equ i r emen t s  werc  cos t  
e s t ima tcs  for  the Lurgi c o a l  gasification p rocess .  These  e s t ima tes  w e r e  par t icu-  
l a r l y  valuable s ince  they w e r e  based  on common design data supplied by the Lurgi  
Corp. 
which al l  used Western suh-bituminous coal  to produce f r o m  2 5 0  to 288  mill ion 
SCFD of pipeline g r a d e  gas  p e r  s t r e a m  day. 

P r i o r  to the main analysis ,  the applicabili ty o f  Lurg i  r e su l t s  to other  gasification 
p r o c e s s e s  was  checked by compar ing  Lurgi  escalation da ta  with est imated c sca l a -  
tion f o r  s eve ra l  advanced gasification p rocesses  under comparable  conditions. 
These  data der ived from ( 2 )  and ( 3 )  a r e  tabulated below. 

P re fe rab ly  t h e r e  should b c  s e v e r a l  s e t s  of e s t ima tcs  for 

In addition, the t h r e e  s e t s  of e s t ima tes  used w e r e  associated with plants 

Aug. '74 Cost, Jan. '76 Cost, 
P r o c c s s  $MM- $M M YO Inc rease  

ICT Hygas 750 870 16 

CO 2 Acceptor 760 890 17 

BCR Bi-Gas 890 1 , 0 3 0  16 
Lurg i  9 2 0  1 ,060  15 

From thc above, i t  appcars  that Lurg i  cscalalion data  can be  extrapolated to 
advanced pipclinc gradc  c o a l  gasification p r o c c s s c s .  

Low and medium 13tu gas pro jcc t s  prcsent  a spccial  problcm s ince  cach p l u t  1s 

12 



.- . 
dcs ip icd  to mcct  a par t icular  c u s t o m c r ' s  dcmand. (Typically, capac i t ies  vary 
f rom 2 1  l o  100 trillion D t u  [yciir]. ) HowcVcl-, s ince  the reac tor  a n d  purification 
s tcps  of llic low Btu processes  a r e  s i m i l a r  Lo those of  thc Lurgi  p r o c e s s e s ,  t h e r e  
appcars  t o  be  no - a p'"i reason  why cscalat ion for pipcline grade  gas should be  
marlccdly d i f fc r  cnt f rom cscalat ion fo r  lower grade gas  processes .  

Coal liqucfaction presented another problem. 
pcrcent  of thc Lurgi  and mcthanol p r o c e s s e s  capi ta l  cos ts  a r e  for  common equip- 
ment ) ,  liqucfaction a n d  gasification p r o c e s s e s  do not havc a high d e g r e e  of cquip- 
meiit commonality. 
outlincil bclow and thcn check the main resu l t s  with experts  in coa l  liquefaction 
technol.ogy. 

Aside f r o m  methanol  (around 85 

Conscquentl.y, thc approach taken was to p e r f o r m  the analysis  

In brief,  the resu l t s  for inflation cscalat ion did check fa i r ly  well. 

Lurgi  cost es t imatcs  w e r e  collccted and then normalized to placc them on a s  
comparable  bas i s  as possible. 
the components of cscalation that a r i s e  f rom:  
2. 
3. Changes in equipment capacity, and 4. Chapgcs in the cos ts  of equipment, 
m a t e r i a l s  and labor  (inflation cscalat ion) .  

Thc norrnalizcd data w e r e  then disaggregated into 
1. Changcs i n  the type of es t imate .  

Changcs in knowledge of tcchnology and environmental  requi rements .  

The inflation component of escalat ion was then compared by s ta t i s t ica l  t es t s  and 
other  means with var ious cost  indices. Then, based on cer ta in  c r i t e r i a ,  those 
indices best  reflecting est imatcd Lurgi  escalat ion w e r e  identified. The r e s u l t s  
and implications w e r e  analyzed and, finally, methods for predict ing future  
escalation were  suggested. 

F i v e  organizations generously cooperated in thc collection and ana lys i s  of the 
est imates .  These werc,  El  Paso  Natural  Cas Co., Panhandle E a s t e r n  Pipel ine 
Go., Southcrn California Gas Co.,  The Fluor  Corp. and the Lummus Corp. To 
protcct  the privacy of the es t imates ,  resu l t s  a r e  identified only as venture  A, B 
or  C. 

The component of escalation clue to  es t imate  type was f i r s t  examined. 
componenl could a r i s e  because a prudent  venture  manager  might r e q u i r e  that a 
contingency adjustment equal to the upper bouncl of the accu racy  range  of the 
pertinent typc of es t imate  be  included in project  cos ts .  
es t imatcs  obtained had to be  adjusted for es t imate  type because  a l l  of the es t imates  
w e r e  "prel iminary" (about 2 20% probable  accuracy)  and a l l  contingency costs  w e r e  
removed whcn the cs t imates  w e r e  normalized.  

This  

However, none of the 

Aiter rcmoval  of contingency, in te res t  during construction and cer ta in  project  
specific costs  (e. g . ,  coal  mine  and s a l e s  tax cos t s )  the following breakout  of 
escalation for thc ventures  was obtained. 
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Lurg i  Escalation Resul ts  

Venlur e l 3ca l a t ion  - 
Sept. ‘72-July ‘73 July ‘73-Jal l .  ‘75 Jan.  ‘75-E~I-1.y ‘ 7 6  Commcnts  

Tech. Inflation Tech. Inflation Tech. Inilation 

- 

70 70 % Yo 9 0  7 0  -- I__ __ --- -I I- 

A . 38 6 34 56 Tech. cscala-  
t ion did not 
include design. 

B 

C 

38 57 8 20 (Jan.  ) Tech. escala-  
t ion jncludes 
d c s  ign changes. 

N. A. 6 0  N. A. 16 (Apr.  ) Es t ima tes  ad- 
justed t o  
r emove  tech-  
nology and 
design change 
escalation. 

Note that es t imates  w e r e  in constant dol lars  as of e s t ima te  date,  i. e . ,  no forward 
escalation. 

The re  a r e  four  indices that a r e  coininonly used to t r a c k  inflation escalation. 
These  a r e  the Chemical Engineering ( C E ) ,  Marsha l l  & Swift (M&S), the Nelson 
index of ref inery costs  (Nelson)  and the Engineering News R e c o r d  ( E N R )  indices,  
Also, coal-f i red power generat ion boiler plant equipment escalat ion a s  given by 
the privately circulatcd Handy & Whitman ( I i&W)  index -’as thought pertinent.  

The five indices identified above a r e  based on  weighted ave rages  of labor,  ma te r i a l  
and equipment costs.  
indices understate  the impor t ance  of equipment p r i c e s  during per iods of high infla- 
tion such a s  those experienced between mid  ‘73 and e a r l y  ‘75. Consequently, two 
p u r e  equipment indices w e r e  a l so  compared to the  Lurg i  data.  These  w e r e  the 
Nelson equipment index (a composi te  of five equipment c l a s s e s )  and an index of 
valve and fitting p r i c e s  which mas the only s ingle  i t em index that matched Lurgi  
escal.ation reasonably well. The r e su l t s  of the comparison a r e  tabulated below. 

But i t  was suspected that the t radi t ional  weighted-average 
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Comparison of Lurgi  and Cost Indiccs Inflation 

Escalat ion 

- Category Escalation 
Scpt. '72-July '73 July '73-Jan. ' 75  Jan. ' 75 -Ear ly  '76 

Lurgi  

7 0  Y O  7 0  

6 (1)* 56-60 (3)* 16-20 (2)a  
Chemical f i g inee r jng  

(CE)  5 . .  
Marshal l  & Swift 

Nelson Refiner ies  5 
(M&S) 2.5  

Engr. News Record 
(ENR) 8. 5 

Handy & Whitman 
(H&W 6 

Nelson Equipment 4 
BLS Valves & Fitt ings 5 

24 

28 
19 

11 

37 
38 
51 

9 

9 
8 
6 

* Numbers  in pa ren theses  indicate  number of observat ions.  

Since the Lurgi  es t imates  only covered about four yea r s ,  it was thought des i r ab le  
to select  a p rocess  which might exhibit about the s a m e  inflation escalation a s  a 
Lurgi  p rocess  and where  data was sufficicnt t o  perrnit  development of an index fo r  
a number of yea r s .  
reasons:  1. 
standpoint of scaling factors .  2. 
of identical  gasif iers ;  the f ront  end of an ethylene plant includes a number of iden-  
t ical  cracking furnaces .  3. 
fication sys t ems  and substantive compression equipment. Also, they r equ i r e  
closely integrated uti l i ty sys t ems .  4. 
1975 was 67 percent  vs .  55-60 pe rcen t  for Lurg i  f r o m  mid-19'73 to  1975. 

The p r o c c s s e s  a r e  different i n  that  gasification plants have provis ion for extensive 
solid handling faci l i t ics  for coal  feed and ash remocal .  
coal preparat ion and handling.costs w e r e  backed out of the e s t ima te  during the 
normalization proccdure.  

The ethylene index \vas used as follows. 
between the r a t c s  of change of the ethylenc (Lurgi  analog) index and the other 
indices were  computcd. Ra te s  of change w e r e  used to r educe  t h c  autocorrelat ion 
bctween successive values of an  index. 
c r i t e r ion  for selection of a r ep resen ta t ivc  index. The other  s r i t c r i o n  was close-  
nes s  of f i t  to gasification e s c a h t i o n  during the c r i t i ca l  inflation pcriocl o i  mid ' 73  
to ea r ly  '75. 

The ethylene cracking p rocess  was selected fo r  the €allowing 
Both Lurgi  and ethylene plants a r e  reasonably similar f rom the 

The front end of a Lurgi  plant includes a number 

Both types of plants have ei ther  s ingle  o r  dual  puri-  

Escalation fo r  the ethylene index f o r  1973- 

But,  for other r easons ,  

The  coefficient of co r re l a t ion  "r" 

The "r" values w e r e  then uscd a s  one 

The evaluation r e su l t s  a r e  shown below. 
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Index 

L u r g i  Plants  
Ethylene Plants  
C E  
M&S 
ENR 
Nelson 
Nelson Equipment 
H& W 
Valves 

Index Evaluation Resul ts  

Escalat ion f r o m  Corre la t ion  Relative to  Ethylene 
July '73-Jan.  '75 1965- 1975 1970- 1975 

t o p ,  I I * I I R 1 I >: r y  % 

56-60 
N. A. 

24 
28 
11 
19 
38 
37 
51 

N. A. 
1.000 
0.828 
0. 736 

-0.134 
0. 491 
0. 814 
0.735 
0. 715 

N. A. 
1.000 
0.758 
0.636 

-0.754 
0.152 
0.759 
0.627 
0. 708 

*R > I .625 

**R > I . 811 I 
Significant a t  > . 9 5  Level  

Significant at > . 95 Level  

The resu l t s  a r e  a l s o  i l lus t ra ted  in F i g u r e s  1 and  2. F i g u r e  1 shows t h e  rates'. of 
change of th ree  representa i ive  indices  a n d  the  ethylene index, while F i g u r e  2 
shows the actual ethylene va lues  vs. values  predicted f r o m  the t h r e e  indiccs. 
T h e  predicted values  w e r e  obtained by f i r s t  r e g r e s s i n g  ethylene values  011 the  
indicated indices to  obtain l inear  equations with re la t ive  ethylene cos ts  as the  
dependent var iables .  Then,  ac tua l  values  of t h e  appropr ia te  indices  w e r e  
i n s e r t e d  into the equations to genera te  the  prediction c u r v e s  in F i g u r e  2. All  
predicted values underes t imate  inflation i n  1974, and then overcompensate  in 
1975. 

The resu l t s  obtained for  t h e  Lurg i  p r o c e s s  w e r e  then reviewed with exper t s  in 
c o a l  liqucfaction. What w a s  learned  is summar ized  below. 

Lurg i /Ethylene  Data Coal  Liquefaction Data 

Technology 85% for Lurgi ,  Sept. ' 72  15% over 4 y e a r s  
Escalat ion to Jan. '75 . 

Inflation 
Escalat ion 

195% Atid '70-Mid l75, C €I4 
55-6070 Mid  '73-Ear ly  l7$, Lurg i  

250% Mid '70-Mid '75 
L u r g i  escalat ion "in the ball 
park"  for  liquefaction. 

It was  concluded that the  high L u r g i  p r o c e s s  technol.ogy escalat ion is not  typical 
of other  coal  conversion p r o c c s s e s  in that: 
t o  b e  adapted to modern  m a t e r i a l s  and fabricat ion techniques. 
s t r e a m  clcsign (purif icat ion,  shif t  and iiiethanation) had to be adapted to l a r g c r  
cnpacilics than origin:tl.ly specif ied.  3 .  
codes  a n d  cnvi ronniental regulat ions.  
a g g r c g ~ t c c l  cost  data such as that prcscntcd in Lurg i  vcnturcs  to the  FPC m a y  

1. A World War I1 per iod design had 
2. The down- 

The clcsign had to be adapied t o  U. S. 
T h e  implication of this conclusion i s  that 
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cs;\f;gcratc thc amount of escalation that might  be experienced by advanced coal 
con ver si on p r o  c e s s e s . 

On the olhc: hand, i t  was concluded that  the inflation cscalation cstinialed for  the 
I,urgi proccs  s was gcncral ly  applicable to other coal-based synthetic fuel p ro -  
C C S S C S .  

was judged Lo bes t  r e f l ec t  the inflation escalat ion experienced in the c r i t i ca l  1973- 
1974 period. Using the correlat ion coefficient c r i t e r ion ,  e i ther  the C3.3 o r  Nelson 
equipment index was judged "best". 

It was a l so  concluded that  an equipment type index t r acks  escalation during periods 
of high inflation bet ter  than do the weightcd- ave rage  indices.  
is  weighted 61 percent  for cquipnients vs.  12 percent  for the Nelson index vs. 0 
percent  for the EWR index. ) 

Methods suggested for predicting fu tu re  escalation included the following: 

o 

1J:;ing the criterion of fit lo  high i n l h t i o n  per iods,  the index for valves  

(Note the CE index 

Cor re l a t e  ce r t a in  r ep resen ta t ive  indices (e .  g,, as  tentatively identified above) 
with exogcneous indicators  by  economctr ic  methods.  F o r e c a s t s  of the indica- 
t o r s  a r e  available f r o m  such se rv ices  as DKI, Chase  and Wharton. 

8 Survey the l a r g e r  cons t ruc to r / eng inee r s  €or 2-4 y e a r  t rcnd fo recas t s  on 
equipment, m a t e r i a l  and labor  cos t s  per t inent  to coal  conversion plants.  

Survey a c ross - spc t ion  of p r o c e s s  equipment manufacturers  to obtain detailed 
cost  t rends.  

o 
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ECONOMICS OF COAL GASIFICATION PROCESSES FOR ELECTRIC POWER GENERATION. PACK, G. E. 
Fluor Engineers and Cons t ruc tors ,  I n c . ,  3333 Michelson Drive,  I r v i n e ,  C a l i f o r n i a ,  
92715 

Economic aspects  of l a r g e  coa l  gasif icat ion-power genera t ing  p l a n t s  a r e  presented .  
These aspec ts  include thermal e f f i c i e n c i e s ,  c a p i t a l  c o s t  and cos t -of -serv ices .  Exis t ing 
and advanced g a s i f i c a t i o n  technologies  a r e  inves t iga ted .  Several  concepts  t h a t  have 
been proposed a r e  explored.  
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CONVERSION OF COAL TO LIQUIDS BY 
FISCHER-TROPSCH AND OIL/GAS TECHNOLOGIES 

J. B.  O'Hara, N. E. Mentz, and R. V.  Teeple 

The Ralph M. Parsons Company 
Pasadena,  C a l i f o r n i a  91124 

INTRODUCTION 

Conversion of c o a l  t o  l i q u i d  and gaseous f u e l s  as w e l l  as chemical products  
has  been p r a c t i c e d  on a commercial s c a l e  i n  s e v e r a l  areas of t h e  world. Pro- 
j e c t i o n s  of U.S. supply  and demand ba lances  f o r  c rude  o i l  and n a t u r a l  gas  
t o  t h e  y e a r  '2,000 i n d i c a t e  t h a t  c o a l  conversion p l a n t s  a r e  a candida te  i n  
t h e  U.S. f o r  product ion  of environmental ly  acceptab le  l i q u i d  and gaseous 
f u e l s .  To be  compet i t ive  w i t h  a l t e r n a t i v e  energy s o u r c e s ,  second genera t ion  
product ion complexes f o r  c o a l  conversion should b e  l a r g e ,  e f f i c i e n t ,  s imple 
and r e l i a b l e .  

This  paper d e s c r i b e s  t h e  c h a r a c t e r i s t i c s  and p r o j e c t e d  economics f o r  two 
candida te  second-generat ion technologies ,  " O i l / G a s "  and a U. S.  v e r s i o n  of 
Fischer-Tropsch. 

The term " O i l / G a s "  w a s  coined during t h e  1974 P r o j e c t  Independence Blue- 
p r i n t  campaign. The process  uses  a type  of c o a l  hydro l iquefac t ion  s i m i l a r  
t o  SRC 11, wi th  r e a c t i o n  s e v e r i t y  designed t o  produce a s i g n i f i c a n t  amount 
of l i g h t  hydrocarbons. 
n a t u r a l  gas  (SNG) as a prime product .  Liquid products  i n c l u d e  LPG, naphtha,  
and f u e l  o i l .  

The suggested U. S . v e r s i o n  of Fischer-Tropsch incorpora tes  flame-sprayed 
catalyst on extended heat-exchanger s u r f a c e s  y i e l d i n g  s e v e r a l  p o t e n t i a l  
advantages inc luding  i n c r e a s e d  thermal  e f f i c i e n c y .  
systems have been under development by what is now t h e  P i t t s b u r g h  Energy 
Research Center  (PERC) f o r  about 15 years .  

The information p r e s e n t e d  h e r e  is based p r i m a r i l y  on  conceptual  des igns  and 
economic e v a l u a t i o n s  prepared  by The Ralph M. Parsons Company f o r  t h e  Major 
F a c i l i t i e s  P r o j e c t  Management Div is ion  of Energy Research and Development 
Adminis t ra t ion - F o s s i l  Energy (ERDA-FE) 
f o r  each process  i n c o r p o r a t e s  c e r t a i n  process  and equipment items now under 
development, p r i m a r i l y  w i t h i n  ERDA programs. The des igns  are intended t o  
d e f i n e  t h e  p o t e n t i a l s  f o r  second genera t ion  c o a l  conversion complexes 
incorpora t ing  r e s u l t s  o f  in-progress  development work. I n  concept ,  these  
complexes might b e  c o n s t r u c t e d  and opera ted  i n  t h e  mid-'80's t o  mid-'90's. 

This  paper  w i l l  d e s c r i b e  t h e  process ing ,  p r o j e c t e d  product  c h a r a c t e r i s t i c s ,  
and pro jec ted  economics f o r  the  Fischer-Tropsch and Oil/Gas complexes. 
These f a c t o r s  w i l l  t h e n  be compared, recogniz ing  t h a t  each produces s i g n i f -  
i c a n t l y  d i f f e r e n t  products .  
extended by h y d r o t r e a t i n g  f u e l  o i l  t o  produce lower percent  s u l f u r  products  
at increased  c o s t ,  t o  f u r t h e r  i l l u s t r a t e  t h e  f l e x i b i l i t y  of t h e  technology. 

These a r e  i n  t u r n  processed t o  y i e l d  s u b s t i t u t e  

Flame-sprayed c a t a l y s t  

The conceptual  d e s i g n  given 

I n  a d d i t i o n ,  t h e  O i l / G a s  design1 w i l l  be 
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Each of these  conceptual  des igns  r e p r e s e n t s  on ly  one of numerous p o s s i b l e  
conf igura t ions .  For a given i n d u s t r i a l  a p p l i c a t i o n  with a d e f i n e d  c o a l  
source and requi red  product  mix, t h e  des ign  would i n  a c t u a l  p r a c t i c e  be 
tailor-made f o r  t h a t  p a r t i c u l a r  case. 

OIL/GAS 

Design Criteria 

Prel iminary des ign  c r i t e r i a  have been p ~ b l i s h e d . ~  
p l e t e d  conceptual  des ign  are: 

Key elements  of t h e  com- 

P l a n t  Locat ion Eas te rn  region of t h e  U.S.  I n t e r i o r  Coal Province,  
which i n c l u d e s  p o r t i o n s  of t h e  states of I l l i n o i s ,  
Ind iana ,  and Kentucky. 

Coal Source 

Capacity 

I l l i n o i s  No. 6 seam c o a l  produced i n  a c a p t i v e  
s u r f a c e  c o a l  mine. 

Approximately 47,000 tons  p e r  day (TPD) of run- 
of-mine (ROM) c o a l  which is cleaned,  washed and 
s i z e d  t o  produce about  36,000 TPD of c o a l  feed  t o  
t h e  process  p l a n t s .  A l l  d a i l y  f i g u r e s  a r e  i n  s t ream 
days.  Products  i n c l u d e  about 165 m i l l i o n  s tandard  
cubic  f e e t  p e r  day (MM SCFD) of  SNG and approximately 
75,000 b a r r e l s  p e r  day (BPD) of l i q u i d s  c o n s i s t i n g  of  
LPG, naphtha,  and f u e l  o i l .  

P l a n t  A v a i l a b i l i t y  The p l a n t  is cons idered  t o  o p e r a t e  at  capac i ty  330 
stream days p e r  y e a r ,  r e s u l t i n g  i n  a n  a v a i l a b i l i t y  
f a c t o r  of 90.4%. 

C h a r a c t e r i s t i c s  The complex is a g r a s s  r o o t s  f a c i l i t y  which cap- 
t i v e l y  produces a l l  u t i l i t i e s  and oxygen requi re -  
ments. All e f f l u e n t  streams are t r e a t e d  t o  meet 
environmental s tandards .  

Raw Material and F a c i l i t i e s  are prouided f o r  a 14-day c o a l  inventory 
Product Storage and a 30-day l i q u i d  product  inventory.  

F a c i l i t y  Descr ip t ion  

An ar t i s t ' s  conceptual  drawing i s  presented  i.n F igure  1. 
model of t h e  complex is shown i n  F igure  2. 
imately 600 a c r e s ,  e x c l u s i v e  of t h e  c o a l  mine. 
2,350 people. 
t h e  source  r i v e r .  

A photograph of  a 
The complex would occupy approx- 

P l a n t  popula t ion  is about  
drawn from 

. 

About 17,500 g a l l o n s  of water  per  minute  would be 

Coal Mine The mine i s  an i n t e g r a t e d  s t r i p  mine w i t h  f i v e  
s e p a r a t e  a r e a s  o r  mining u n i t s  t o  produce 47,000 
TPD of ROM c o a l  o p e r a t i n g  350 days p e r  y e a r .  
The average overburden is 60 f e e t  and average 
c o a l  seam th ickness  i s  5 f e e t .  
overburden removal is wi th  170 cubic  yard  drag- 
l i n e s .  The ROM c o a l  would pass  through a p r i -  
mary s e p a r a t i o n  s t e p  l o c a t e d  i n  t h e  mining a r e a  

The primary 
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and then  b e  t r a n s f e r r e d  by conveyor t o  a c o a l  
p r e p a r a t i o n  p l a n t  a r e a  where it is  cleaned and 
s i z e d  t o  produce feed c o a l  t o  t h e  process  p l a n t .  

Over t h e  20-year p r o j e c t  o p e r a t i n g  l i f e ,  approxi-  
mately 57 square  mi les  would be  mined out .  

Process  P l a n t  

A process  b l o c k  f low diagram is shown i n  F igure  3 .  

Key t o  t h e  process  i s  t h e  SRC I1 h y d r o l i q u e f a c t i o n  s t e p .  
of c leaned,  s i z e d  f e e d  c o a l  i s  s l u r r i e d  i n  coal-der ived r e c y c l e  s o l v e n t ;  
two-thirds of t h e  s o l v e n t  is  u n f i l t e r e d  and c o n t a i n s  undissolved c o a l  and 
a s h ,  while  t h e  remaining one- th i rd  has been f i l t e r e d  t o  remove t h e  s o l i d s .  
The coa l  s l u r r y  i s  pumped t o  2,050 p s i g ,  mixed w i t h  hydrogen, preheated t o  
700°F, and r e a c t e d  i n  t h e  d i s s o l v e r  v e s s e l .  
through a p r e s s u r e  let-down system wi th  t h e  r e s u l t i n g  l i q u i d  phase going to  
a l o w  p r e s s u r e  f r a c t i o n a t o r .  F r a c t i o n a t i o n  products  a r e  naphtha,  l i g h t  
d i s t i l l a t e  used as f u e l  o i l  c o n s t i t u t e n t ,  heavy d i s t i l l a t e  used as f i l e r  
wash o i l  and as  a product  f u e l  o i l  c o n s t i t u t e n t ,  and t h e  bottoms which 
c o n t a i n  s o l i d s .  The bottoms a r e  s p l i t ;  about  h a l f  a r e  recyc led  t o  t h e  f e e d ,  
c o a l  s l u r r y  system and t h e  remainder goes t o  the f i l t e r s .  

Here, 20,000 TPD 

The d i s s o l v e r  product  passes  

The naphtha is h y d r o t r e a t e d  t o  produce s a l e a b l e  product .  
t i l l a t e ,  a p o r t i o n  of t h e  heavy d i s t i l l a t e ,  and t h e  f i l t r a t e  a r e  combined 
t o  form t h e  product  f u e l  o i l .  

The l i g h t  d i s -  

Gases e m i t t i n g  from t h e  d i s s o l v e r  p r e s s u r e  let-down system, f r a c t i o n a t i o n ,  
and t h e  naphtha hydrogenat ion  s t e p s  a r e  combined and fed  t o  a monoethano- 
lamine (MEA) ac id  g a s  removal system t o  t a k e  o u t  t h e  hydrogen s u l f i d e ,  
carbon d ioxide  and carbonyl  s u l f i d e .  
then  processed i n  a cryogenic  u n i t  f o r  hydrocarbon recovery /separa t ion  as 
descr ibed  below. Sour a c i d  gas  is s e n t  t o  a s u l f u r  p l a n t  which removes 
t h e  s u l f u r - c o n t a i n i n g  contaminants  and produces s a l e a b l e  s u l f u r .  

The r e s u l t i n g  sweet  product  gas  is 

In t h e  SNG and LPG product ion  t r a i n ,  sweet gas produced i n  t h e  M E A  system 
i s  d r i e d  w i t h  molecular  s i e v e s  and then  s e n t  t o  a cryogenic  u n i t .  
98.5 volume percent  hydrogen is recovered.  A p o r t i o n  of t h i s  hydrogen 
s t ream is used t o  methanate  r e s i d u a l  carbon monoxide. 
hydrogen is fed t u  t h e  naphtha h y d r o t r e a t e r  while  t h e  remainder of  t h e  

. hydrogen s t ream i s  r e c y c l e d  t o  t h e  c o a l  d i s s o l v i n g  s t e p .  Methane-rich g a s  
produced i n  t h e  c ryogenic  u n i t  is compressed, cooled t o  remove condens ib le  
f r a c t i o n s ,  and then  passed through a z i n c  oxide  guard chamber t o  reduce 
t h e  hydrogen s u l f i d e  c o n t e n t .  It is then  processed i n  a f i n a l  methanat ion 
u n i t  and s e n t  t o  t h e  SNG product  l i n e .  Ethane and h e a v i e r  f r a c t i o n s  
produced i n  t h e  cryogenic  u n i t  a r e  f r a c t i o n a t e d  t o  remove e thane  and some 
propane overhead which is mixed w i t h  f i n a l  methanator product  t o  produce 
s p e c i f i c a t i o n  grade  SNG, which is compressed t o  1,000 p s i g  f o r  d e l i v e r y .  
Remaining propane and h e a v i e r  m a t e r i a l  i s  s e p a r a t e d  i n t o  propane LPG as  an  
overhead product  and a bottoms product .  
bu tane  LPG a s  an overhead p r o d u c t ,  l e a v i n g  pentane-and-heavier bottoms 
which a r e  f e d  t o  the naphtha  hydrogenat ion u n i t .  

Here 

Then t h e  h i g h  p u r i t y  

Bottoms a r e  debutanized t o  produce 

Butane LPG is  h y d r o t r e a t e d  
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and t r a n s f e r r e d  t o  product  s t o r a g e .  

The make-up hydrogen stream f o r  t h e  c o a l  d i s s o l v i n g  s t e p  is produced i n  a coal-  
fed  g a s i f i e r  
t h i s  pressure .  S o l i d s  
a r e  removed from t h e  g a s i f i e r  e f f l u e n t  gas  s t ream and t h e  hydrogen-to-carbon 
monoxide r a t i o  a d j u s t e d  i n  a sour  s h i f t  conversion u n i t .  The s h i f t e d  g a s  i s  
Processed i n  a p h y s i c a l  s o l v e n t  a c i d  gas  removal system t o  produce a s w e e t  
gas f o r  feed t o  t h e  d i s s o l v e r  s e c t i o n ,  a hydrogen s u l f i d e - r i c h  g a s  s t ream 
f o r  feed t o  t h e  s u l f u r  p l a n t ,  and a carbon dioxide-r ich vent  gas  stream. 
The Rect i so l  process  w a s  used a s  a r e p r e s e n t a t i v e  process .  

A f u e l  gas g a s i f i e r  system is inc luded  t o  g e n e r a t e  t h e  necessary s t e a m  and 
Power t o  opera te  t h e  complex. This  g a s i f i e r  i s  f e d  by t h e  d r i e d  d i s s o l v e r  
f i l t e r  cake p l u s  c o a l .  The f i l t e r  cake is previous ly  d r i e d  t o  recover  t h e  
wash so lvent  as a s a l e a b l e  product .  Fuel  gas generated in t h e  g a s i f i e r  i s  
t r e a t e d  i n  an a c i d  gas  removal system t o  remove hydrogen s u l f i d e  and carbon 
dioxide before  pass ing  t o  t h e  power and steam genera t ion  s e c t i o n .  

Power and Steam Generat ion 

The in-plant  produced f u e l  gas  i s  used t o  produce electrical power i n  two 
condensing t u r b i n e  genera tor  u n i t s  with t h r e e  e x t r a c t i o n  p o i n t s .  
b o i l e r s  a r e  a l s o  included.  
process  p l a n t  opera t ion .  

Material Balance 

The o v e r a l l  material ba lance  f o r  the process  p l a n t  i s  shown i n  F i g u r e  4. 
M a t e r i a l  i n p u t s  c o n s i s t  of c o a l ,  w a t e r ,  and oxygen (from the  a i r  s e p a r a t i o n  
p l a n t ) .  The c o a l  amounts t o  about 36,000 TPD. S a l e a b l e  products ,  i n c l u d i n g  
f u e l s ,  s u l f u r  and ammonia, add t o  approximately 19,000 TPD. 

Energy Balance 

The energy ba lance  i s  depic ted  i n  F igure  5. The p r o j e c t e d  thermal  e f f i c i e n c y ,  
c o a l  t o  s a l e a b l e  products ,  i s  about 77%. 

FISCHER TROPSCB 

Design Criteria 

Prel iminary design cr i ter ia  have been d e ~ c r i b e d . ~  
completed conceptual  des ign  are: 

opera ted  a t  about 1,000 p s i g .  S i g n i f i c a n t  methane i s  produced a t  
The g a s i f i e r  i s  a two-stage e n t r a i n e d  s lagging  type.  

Four steam 
The u t i l i t y  system i s  c l o s e l y  i n t e g r a t e d  w i t h  t h e  

Key elements of  t h e  

P l a n t  Locat ion E a s t e r n  Region of t h e  U.S. I n t e r i o r  Coal Province.  

Coal Source I l l i n o i s  No. 6 seam c o a l  produced i n  a c a p t i v e  
s u r f a c e  c o a l  mine. 

Capacity Approximately 40,000 TPD of ROM coa l  w i l l  be  mined 
and 30,000 TPD of  c leaned ,  s i z e d  coa l  w i l l  be  f e d  
t o  t h e  process  p l a n t .  The products  w i l l  have an 
energy va lue  of approximately 525 b i l l i o n  Btu p e r  
day c o n s i s t i n g  of  260 MMSCFD of SNG and approxi- 
mately 50,000 BPD of l i q u i d  products  which are 
LPG's, l i g h t  and heavy naphthas ,  d i s s e l  f u e l ,  
f u e l  o i l  and oxygenates. 
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P l a n t  A v a i l a b i l i t y  350 stream days per  y e a r ;  a v a i l a b i l i t y  f a c t o r  = 
90.4%. 

C h a r a c t e r i s t i c s  G r a s s  r o o t s  f a c i l i t y  producing a l l  u t i l i t i e s  p l u s  
oxygen and t r e a t i n g  a l l  e f f l u e n t  streams t o  meet 
environmental  s t a n d a r d s .  

Raw M a t e r i a l  and Fourteen-day coal s t o r a g e  and 30day l i q u i d  
Products  S torage  product  s t o r a g e .  

FAci l i ty  Descr ip t ion  

The complex is depic ted  i n  t h e  art ist 's  conceptua l  drawing shown i n  F igure  
6 and a photograph of model of  t h e  complex is. presented  i n  F igure  7.  Land 
area required f o r  t h e  complex, wi thout  the c o a l  mine, is about 500 acres. 
P l a n t  populat ion i s  about  2,100 people. Approximately 12,000 g a l l o n s  p e r  
minute  (GPM) of  water would be  r e q u i r e d .  

Coal Mine 

A s  i n  the  Oil/Gas des ign ,  a s t r i p  mine wi th  an average  overburden of 60 f e e t  
and average seam t h i c k n e s s  of  5 f e e t  would produce t h e  requi red  40,000 TPD 
of ROM coal .  The mine would c o n s i s t  of f o u r  i n t e g r a t e d  mining f a c e s .  The 
primary s e p a r a t i o n  and c o a l  p r e p a r a t i o n  u n i t s  a r e  similar t o  those  prev ious ly  
descr ibed f o r  t h e  Oil /Gas complex wi th  t h e  except ion  t h a t  t h e  ground c o a l  
has  a smaller  p a r t i c l e  s i t e ;  minus 20 mesh by 0 f o r  Fischer-Tropsch vis-a-vis  
5% p l u s  20 mesh, 25% minus 200 mesh f o r  t h e  Oil/Gas p l a n t .  

Process  P l a n t  

A l l  of t h e  feed  c o a l  i s  f e d  t o  two e n t r a i n e d  s lagging-type steam oxygen gas i -  
f iers operated a t  approximately 470 p s i g .  G a s i f i e r  e f f l u e n t  gas  s t r e a m  is 
exhaus t ive ly  cleaned t o  remove s o l i d  p a r t i c l e s .  The r a t i o  of hydrogen t o  
carbon monoxide i n  t h e  c leaned  g a s  i s  increased  by s u b j e c t i n g  about  50% of 
t h e  gas  stream t o  a s h i f t  conversion r e a c t i o n ;  t h e  HP/CO r a t i o  i s  thereby 
ad jus ted  t o  t h e  t a r g e t  v a l u e  of 1.45. S h i f t e d  gas  is then  fed t o  an a c i d  
gas  removal u n i t  where it is contac ted  w i t h  a p h y s i c a l  so lvent  t o  remove 
t h e  hydrogen s u l f i d e ,  carbon d i o x i d e  and organic  s u l f u r  compounds. The 
Se lexol  process  w a s  used a s  a r e p r e s e n t a t i v e  process  f o r  t h i s  des ign .  The 
absorbed a c i d  g a s e s  are s t r i p p e d  f o r  f u r t h e r  process ing;  t h e  hydrogen s u l f i d e  
is converted t o  s a l e a b l e  s u l f u r  i n  t h e  s u l f u r  p l a n t  and t h e  COn stream i s  
vented.  
p e r  m i l l i o n ,  volume (ppmv). 

Cleaned syngas is f e d  t o  t h e  Fischer-Tropsch s y n t h e s i s  u n i t  a t  about  400 
p s i g  and 570'F. 
t r a c e  q u a n t i t i e s  of s u l f u r  compounds. 
s y n t h e s i s  r e a c t o r s  designed f o r  i so thermal  opera t ion .  The r e a c t o r s  have 
flame-sprayed i r o n  c a t a l y s t  depos i ted  on t h e  e x t e r n a l  s u r f a c e  of extended 
s u r f a c e  h e a t  exchangers. 
P s i g  steam is genera ted  on t h e  tube  s i d e  by t h e  h e a t  of  r e a c t i o n .  
methanation r e a c t o r s  have a s i m i l a r  geometr ica l  design b u t  d i f f e r  i n  the 
composition of t h e  flame-sprayed c a t a l y s t .  

S u l f u r  c o n t e n t  o f  t h e  cleaned syngas i s  reduced t o  about 0 .1  p a r t  

It f i r s t  p a s s e s  through zinc oxide  guard chambers t o  remove 
Then i t  is  processed i n  18 p a r a l l e l  

React ion t a k e s  p lace  on t h e  s h e l l  s i d e  and 1,250 
S h i f t  and 
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Fischer-Tropsch r e a c t o r  feeds  conta in  a r a t i o  of  r e c y c l e  t o  f r e s h  feed of 
approximately 1.4. 
p l a n t  thermal e f f i c i e n c y .  

Fischer-Tropsch products  go t o  a l i q u i d  product  recovery u n i t  t o  recover  
l i g h t  hydrocarbons from t h e  Fischer-Tropsch gas  and t o  f r a c t i o n a t e  t h e  
l i q u i d s  i n t o  t h e  product  streams. 

Two gas streams are recovered and f e d  t o  t h e  methanat ion u n i t  which produces 
SNG. One c o n s i s t s  of a mixture  of r e s i d u a l  l e a n  gas  a f t e r  a b s o r p t i o n  of t h e  
C3'S i n  a p r e s a t u r a t e d  l e a n  o i l  stream and a CO-rich s t r i p p e r  overhead pro- 
duct  produced by s t r i p p i n g  a l e a n  o i l  f r a c t i o n a t o r  overhead s t ream.  This  
mixed Stream i s  fed  t o  t h e  f i r s t  methanat ion s t a g e .  I t  c o n t a i n s  gases  pro- 
duced i n  t h e  Fischer-Tropsch r e a c t o r ,  i n c l u d i n g  methane and some C 2 ' s  and 
C s ' s  t o  i n c r e a s e  t h e  h e a t i n g  v a l u e  of t h e  SNG. An a d d i t i o n a l  f e e d  stream, 
which goes t o  t h e  second-stage methanator ,  c o n s i s t s  of C 3 ' s  and C4's which 
are produced i n  a depropanizer  i n  t h e  l i q u i d  product  r e f i n i n g  t r a i n ;  they 
s e r v e  t o  i n c r e a s e  t h e  h e a t i n g  va lue  of t h e  SNG. 

Fischer-Tropsch l i q u i d s  are preheated and fed  t o  a l e a n  o i l  f r a c t i o n a t o r  
where l i g h t  ends are removed overhead f o r  f u r t h e r  process ing  and feed t o  t h e  
methanator s e c t i o n  as descr ibed  previous ly .  The bottoms are f e d  t o  t h e  f u e l s  
vacuum f r a c t i o n a t o r  where t h e  heavy naphtha,  d i e s e l  o i l  and heavy f u e l  o i l  
a r e  produced. Naphtha is removed as an overhead product .  Diesel o i l  i s  
withdrawn as a s i d e  stream and is steam-str ipped t o  o b t a i n  t h e  f l a s h  p o i n t  
s p e c i f i c a t i o n .  
s e c t i o n  of t h e  f r a c t i o n a t o r ,  cooled ,  and s e n t  t o  s t o r a g e .  

Light naptha is produced i n  a naphtha s t a b i l i z e r  fed  by t h e  bottoms from t h e  
depropanizer .  C 4  LPG's are recovered a s  overhead from t h e  s t a b i l i z e r .  

Oxygenate produced i n  t h e  Fischer-Tropsch r e a c t o r ,  conta in ing  a h igh  a l c o h o l  
conten t ,  a r e  recovered and r e f i n e d .  Feed t o  t h e  oxygenate recovery system 
is  produced i n  a w a t e r  e x t r a c t i o n  of t h e  Fischer-Tropsch l i q u i d s .  This  feed 
is  preheated and t h e  oxygenates  taken overhead from a f r a c t i o n a t o r  wi th  t h e  
bottoms re turned  t o  t h e  e x t r a c t i o n  system. A h o t  a l c o h o l - s a l t  s o l u t i o n ,  
produced by c a u s t i c  n e u t r a l i z a t i o n  of t h e  Fischer-Tropsch r e a c t o r  e f f l u e n t  t o  
des t roy  a c i d s  produced i n  t h e  r e a c t i o n ,  i s  s t r i p p e d  and t h e  oxygenates 
recovered as an overhead product  are a l s o  fed  t o  t h e  oxygenate f r a c t i o n a t o r  
previously d iscussed .  The s t r i p p e r  bottoms a r e  evaported t o  produce a con- 
cent ra ted  s a l t  s o l u t i o n  f o r  d i s p o s a l  and a consensa te  s t ream used as b o i l e r  
feed water. 

Product SNG is produced i n  t h e  methanat ion s e c t i o n .  
s u l f u r - f r e e  s t r i p p e d  gas  produced i n  t h e  l i q u i d  product  recovery  s e c t i o n .  
The methanation s e c t i o n  c o n s i s t s  of  a f i r s t - s t a g e  r e c y c l e  r e a c t i o n  u n i t  
conta in ing  t h r e e  methanators  i n  p a r a l l e l ,  and a second-stage one-pass 
f i n i s h i n g  r e a c t o r .  

Feed gas  t o  t h e  f i r s t  s t a g e  methantor is mixed wi th  1.25 p a r t s  of  r e c y c l e  gas ,  
preheated t o  about  570°F, and r e a c t e d  a t  380 p s i g  i n  i so thermal  r e a c t o r s  of 
design s imi la r  t o  those  used f o r  the  Fischer-Tropsch r e a c t i o n .  A flame- 
sprayed n i c k e l  c a t a l y s t  i s  depos i ted  on t h e  o u t s i d e  s u r f a c e  of a f inned tube 
hea t  exchanger and t h e  high h e a t  of r e a c t i o n  removed by b o i l i n g  dowthern i n  

Extensive h e a t  exchange i s  used t o  m a i n t a i n  a high 

Heavy f u e l  o i l  is produced by steam s t r i p p i n g  i n  t h e  bottom 

The pr imary feed  is 
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t h e  tubes -- t h e  h o t  dowthern i n  t u r n  is used t o  g e n e r a t e  1,300 p s i g  steam 
f o r  use i n  t h e  p l a n t  u t i l i t y  system. Reac t ion  condi t ions  i n  t h e  f i r s t - s t a g e  
methanator f a v o r  CO methanat ion t o  a s s u r e  t h a t  t h e  product  SNG does n o t  con- 
t a i n  more than  0.1 mol% CO. Product  from t h i s  f i r s t - s t a g e  methanator is 
cooled,  condensate  removed, and about  th ree- four ths  of t h e  gas  recyc led  wi th  
t h e  remainder going t o  t h e  second-stage methanator  which is a n  a d i a b a t i c  
fixed-bed rad ia l - f low r e a c t o r  us ing  a p e l l a t e d ,  reduced,  n ick le- type  c a t a l y s t .  
Here t h e  COn is methanated;  it w i l l - a l s o  methante  CO i f  a breakthrough should 
occur i n  t h e  f i r s t  s t a g e .  The COz content  of  t h e  product  SNG is maintained 
below 2 .5%.  

The product  from t h e  second-stage methanator has  a h i g h e r  h e a t i n g  v a l u e  of 
about 910 Btu/SCF. This i s  combined w i t h  t h e  vapor ized  mixed l i g h t  hydro- 
carbon stream produced i n  t h e  l i q u i d  product  recovery s e c t i o n  and f e d  t o  a 
h y d r o t r e a t e r  f o r  s a t u r a t i o n  of  a lkenes  by t h e  r e s i d u a l  hydrogen i n  t h e  
stream. The product  SNG stream is cooled ,  condensate  removed, compressed, 
d r i e d ,  and fed t o  t h e  product  p i p e l i n e  a t  1,000 p s i g .  

POWER AND STEAM GENERATION 

The process  produces a l l  s team r e q u i r e d  f o r  o p e r a t i o n s ,  h e a t i n g ,  and power 
genera t ion .  Therefore ,  convent iona l  steam b o i l e r s  are n o t  provided f o r  
normal opera t ion .  A s t a r t - u p  b o i l e r  is provided.  

E l e c t r i c a l  power is genera ted  by four  120-megawatt e x t r a c t i o n  s team t u r b i n e  
genera tors .  
t h e  complex p l u s  approximately 140 MW f o r  sale. 

MATERIAL BALANCE 

Overa l l  material ba lance  f o r  t h e  process  u n i t s  is presented  i n  F igure  8. 
Resul t s  i n d i c a t e  t h a t  approximately 13,000 t o n s  p e r  day of s a l e a b l e  f u e l  
products  p l u s  s u l f u r  a r e  produced from 30,000 t o n s  p e r  day of c leaned ,  
s i z e d  feed c o a l .  

ENERGY BALANCE 

Energy balance i s  summarized i n  F igure  9. Est imated thermal  e f f i c i e n c y  i n  
conver t ing  c o a l  t o  s a l e a b l e  products  i s  approximately 70%. 

These g e n e r a t o r s  provide  a l l  power r e q u i r e d  f o r  o p e r a t i o n  of 

PRODUCT CHARACTERISTICS 

Pro jec ted  product  c h a r a c t e r i s t i c s  f o r  t h e  Fischer-Tropsch and O i l / G a s  con- 
c e p t u a l  des igns  a r e  summarized i n  Table 1. These have been p r o j e c t e d  based 
on review and a n a l y s i s  of product  c h a r a c t e r i s t i c s  repor ted  by grocess  i n -  
v e s t i g a t o r s  f o r  similar, b u t  no t  i d e n t i c a l ,  p rocess  condi t ions  y 6  p l u s  minor 
adjustments  to  r e p o r t e d  product  c h a r a c t e r i s t i c s  us ing  t h e  c h a r a c t e r i s t i z a t i o n  
f a c t o r  t o  a s s u r e  cons is tency  w i t h  t h e  b a s i c  d a t a .  For more r a d i c a l  ad jus t -  
ments to  repor ted  product  c h a r a c t e r i s t i c s  as a r e s u l t  of subsequent  t rea tment ,  
f o r  example, hydrogenat ion ,  r e f e r e n c e  w a s  made t o  publ i shed  worksag i n  t h i s  
a r e a  t o  e s t a b l i s h  change of c h a r a c t e r i s t i c s  r e s u l t i n g  from t rea tment .  There 
a r e  not  y e t  r e p o r t s  of  product ion-ana lys is - func t iona l  product  t e s t i n g  of l a r g e  
q u a n t i t i e s  of t h e  naphtha ,  d i e s e l  f u e l ,  and f u e l  o i l  streams. However, t h e  
p r o j e c t i o n  of t h e s e  c h a r a c t e r i s t i c s  based on  a n a l y s i s  of e x i s t i n g  d a t a  and 
comparison of expected v a l u e s  based on analogy t o  o t h e r  coal-der ived l i q u i d s  
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and s i m i l a r  crude oi l -based products  provides  a b a s i s  f o r  p r o j e c t i n g  compara- 
t i v e  r e s u l t s  f o r  t h e s e  two technologies  and d e f i n i n g  i n c e n t i v e s  f o r  p i l o t  
P l a n t  product ion t o  permit  confirmation o r  modi f ica t ion  of t h e  p r o j e c t i o n s .  

The most s i g n i f i c a n t  d i f f e r e n c e s  a r e  t h a t  t h e  Fischer-Tropsch l i q u i d  pro- 
d u c t s  c o n t a i n  n i l  s u l f u r ,  n i t r o g e n  and p a r t i c u l a t e  matter,  and are composed 
pr imar i ly  of  a l i p h a t i c  compounds, whi le  t h e  Oil/Gas products  c o n t a i n  s u l f u r ,  
n i t rogen ,  and s o l i d s  and c o n s i s t  p r i m a r i l y  of aromatics .  The Fischer-  
Tropsch l i q u i d s  t h e r e f o r e  have h i g h e r  p o t e n t i a l  f o r  use as petrochemical  
feedstocks and f o r  f u e l  a p p l i c a t i o n s  wi th  s t r i n g e n t  environmental  r e s t r i c t i o n s .  
Oil/Gas products  show promise f o r  us  i n  g a s o l i n e  manufacture and f o r  s e l e c t e d  
f u e l  a p p l i c a t i o n s .  Addi t iona l  comments w i l l  be  presented  later r e g a r d i n g  
poss ib le  market v a l u e s  of these  products .  

FIXED CAPITAL INVESTMENTS 

All economics a r e  expressed i n  Fourth Quar te r  1976 d o l l a r s .  

The pro jec ted  f i x e d  c a p i t a l  investments  (FCI) f o r  t h e  two conceptua l  complexes 
are compared i n  Table  11. The r e s u l t s  i n d i c a t e  t h a t  t h e  Fischer-Tropsch 
complex would r e q u i r e  a FCI of  approximately 1.55 b i l l i o n  d o l l a r s  t o  produce 
about  85,000 b a r r e l s  of f u e l  o i l  equiva len t  p e r  day (BOE/D); t h e  FCI p e r  
BOE/D is t h e r e f o r e  about  $18,000. The O i l / G a s  complex would r e q u i r e  a FCI 
of about $ 1 . 3  b i l l i o n  t o  produce approximately 110,000 BOE/D f o r  a FCI p e r  
BOE/D of about  $12,000. 

A comparison of t h e  r e l a t i v e  c o s t s  of t h e  s e p a r a t e  s e c t i o n s  of the complex 
i s  shown i n  Table 111. 
BOE/D f o r  the Fischer-Tropsch p l a n t  l ies i n  t h e  g a s i f i c a t i o n  s e c t i o n  where 
t h e  cos t  o f ' t h e  oxygen p l a n t s  and gas  c leanup are much h i g h e r .  
t h e  FCI's f o r  t h e  conversion s e c t i o n s ,  p e r  d a i l y  b a r r e l  of o i l  e q u i v a l e n t ,  
f o r  the  two complexes a r e  about equal .  

A s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  h igher  FCI p e r  

Hote t h a t  

TOTAL CAPITAL INVESTMENTS 

Tota l  c a p i t a l  investments  are presented  i n  Table  I V .  T o t a l  c a p i t a l  
inc ludes  f i x e d  c a p i t a l  investment ,  i n i t i a l  c a t a l y s t  and chemica ls ,  s t a r t - u p  
c o s t s ,  c o n s t r u c t i o n  f inanc ing ,  working c a p i t a l ,  and l a n d / r i g h t s  of  way. 
Pro jec ted  t o t a l  c a p i t a l  requirements  are 2.0 and 1 . 7  b i l l i o n  d o l l a r s  f o r  t h e  
Fischer-Tropsch and O i l / G a s  complexes, r e s p e c t i v e l y .  Example c o n s t r u c t i o n  
f inancing c o s t s  a r e  presented  i n  each case .  

Estimated t i m e  t o  mechanical complet ion w a s  approximately 5 7  months i n  each 
case. This  inc luded  d e s i g n ,  engineer ing ,  procurement and c o n s t r u c t i o n .  

OPERATING COSTS 

Pro jec ted  annual  o p e r a t i n g  c o s t s  f o r  t h e  complexes are g iven  i n  Table  V .  
The opera t ing  c o s t s  i n c l u d e  r o y a l t y  a l lowance of $1.50 p e r  t o n  of c leaned ,  
s i z e d  coa l  produced. 

Pro jec ted  annual  o p e r a t i n g  c o s t s  are 205 m i l l i o n  d o l l a r s  f o r  bo th  t h e  
Fischer-Tropsch and O i l / G a s  complexes, r e s p e c t i v e l y .  For a n a l y t i c a l  purposes ,  
t h e  complexes w e r e  d iv ided  i n t o  c o s t  c e n t e r s .  
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REQUIRED PRODUCT SELLING PRICE 

Average required product  s e l l i n g  p r i c e  w a s  p r o j e c t e d  f o r  t h r e e  p r o j e c t  
f i n a n c i a l  s t r u c t u r e s .  I n  a l l  cases ,  t h e  p r o j e c t  o p e r a t i n g  l i f e  was 20 y e a r s .  

o 100% equi ty  c a p i t a l  
o Borrowed c a p i t a l :  65% of t h e  t o t a l  investment  borrowed a t  9% 

i n t e r e s t ,  w i t h  t h e  p r i n c i p a l  repa id  i n  e q u a l  i n s t a l l m e n t s  over  
a 20-year p r o j e c t  opera t ing  term; a l l  working c a p i t a l  borrowed 
at  9% i n t e r e s t  f o r  t h e  20-year term; a loan  commitment f e e  of 
0.75% on funds n o t  drawn down dur ing  t h e  c o n s t r u c t i o n  per iod .  

o A nonprof i t  (0% discounted cash f low rate of r e t u r n )  o r  break- 
even boundary case .  

A 1 2 %  discounted cash f low r a t e  of r e t u r n  (DCF) was s e l e c t e d  a s  a b a s e  case, 
and t h e  revenue r e q u i r e d  t o  achieve  t h i s  DCF c a l c u l a t e d  f o r  each f i n a n c i a l  
s t r u c t u r e .  Required average  product  s e l l i n g  p r i c e  w a s  then c a l c u l a t e d  
us ing  the  requi red  revenue and t h e  q u a n t i t y  of  energy products  produced. 

R e s u l t s  a r e  summarized i n  Table  V I .  Here we s e e  t h a t  f o r  t h e  65/35 d e b t /  
equi ty  f i n a n c i a l  s t r u c t u r e ,  t h e  pro jec ted  average requi red  product  s e l l i n g  
p r i c e s ,  f o u r t h  q u a r t e r  1976 b a s i s ,  (RPSP) are $2.55 and $1.95 p e r  m i l l i o n  
Btu 's  f o r  t h e  Fischer-Tropsch and Oil/Gas c a s e s ,  r e s p e c t i v e l y .  The 100% 
equi ty  f inancing c a s e s  a r e  about  30 percent  h igher  i n  each case.  The 
breakeven c a s e s  are about  $1.50 and $1.20 per  m i l l i o n  Btu ' s ,  r e s p e c t i v e l y .  

I n  d o l l a r s  per  b a r r e l ,  t h e  65/35 debt /equi ty  case  RPSP's would be  about 
$15.25 and $12.00; t h i s  i s  based on a n  a r b i t r a r y  6 m i l l i o n  Btu per  b a r r e l  
re fe rence  va lue .  . A  key f a c t o r  i n  t h e  economic p r o j e c t i o n s  is t h e  inc lus ion  
of l a r g e  c a p t i v e  c o a l  mines i n  the complexes. 

SENSITIVITIES 

S e n s i t i v i t i e s  of t h e  average  requi red  product  s e l l i n g  p r i c e  t o  changes i n  ' 

key economic parameters  are shown i n  Table  V I I .  The RPSP i s  most s e n s i t i v e  
t o  changes i n  f i x e d  c a p i t a l  investment .  To i l l u s t r a t e ,  f o r  Fischer-Tropsch 
a 10% reduct ion  i n  f i x e d  c a p i t a l  investment  would r e s u l t  i n  an 8.7% reduc- 
t i o n  i n  RPSP f o r  t h e  100% e q u i t y  case.  The s e n s i t i v i t i e s  t o  o p e r a t i n g  
c o s t s  a r e  i n  t h e  range of 15-20%. 

E f f e c t  of v a r i a t i o n s  i n  DCF on the  RPSP is presented  i n  F igure  10 f o r  t h e  
65% debt  case.  S e n s i t i v i t y  i s  g r e a t e r  f o r  t h e  100% equi ty  c a s e ,  which is 
not  shown. 

POSSIBLE PRODUCT MARKET VALUES 

A b r i e f  assessment of p o s s i b l e  product market va lues  and t h e  e f f e c t  o f  t h e  
r e s u l t i n g  p r o j e c t  revenues on p r o f i t a b i l i t y  w a s  completed. 
p o s s i b l e  market v a l u e s ,  t h e  p r o j e c t  c h a r a c t e r i s t i c s  of t h e  products  were 
compared wi th  those  of  convent iona l  crude oi l -based products .  Discussions 
were held w i t h  r e p r e s e n t a t i v e s  of f u e l  producers  and consumers and indus t ry  
r e p o r t s  were reviewed. 

To o b t a i n  these  
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Indus t ry  r e p r e s e n t a t i v e s  s t r o n g l y  q u a l i f i e d  t h e i r  op in ions  on p o s s i b l e  p r i c e s  
by S t a t i n g  t h a t  l a b o r a t o r y  and f i e l d  product  performance t e s t s  must be  con- 
ducted before  f i rm d o l l a r  v a l u e s  could b e  assigned t o  t h e  products .  

With t h e  above cavea ts  c l e a r l y  i n  mind, p o s s i b l e  u n i t  s a l e s  v a l u e s  and 
annual  revenues f o r  a f o u r t h  q u a r t e r  1975 b a s i s  a r e  presented  i n  Table  V I 1 1  
f o r  Fischer-Tropsch and Table  1); f o r  Oil/Gas; t h e s e  are taken from t h e  
publ ished repor t s . ' "  
s a l e  of SNG produced commercially from naphtha,  and p o s s i b l e  v a l u e s  f o r  SNG 
from c o a l  a t  t h a t  time. These p o s s i b l e  s a l e s  v a l u e s  a r e  presented  t o  
i l l u s t r a t e  t h e  e f f e c t  of product  s a l e s  v a l u e  on t h e  economics and a l s o  t o  
perhaps s t i m u l a t e  f u r t h e r  e f f o r t  t o  e s t a b l i s h  f i r m  product  v a l u e s  and 
marke tab i l i ty .  

The Tables V I 1 1  and I X  p o s s i b l e  annual  revenues were then updated t o  a 
f o u r t h  q u a r t e r  1976 b a s i s  us ing  Federa l  Energy Adminis t ra t ion d a t a  which 
ind ica ted  t h a t  f u e l  p r i c e s  e s c a l a t e d  approximately 9 percent  from f o u r t h  
q u a r t e r  1975 t o  f o u r t h  q u a r t e r  1976. 

Resul t s  of t h i s  second-order explora tory  a n a l y s i s  i n d i c a t e  t h a t  p o s s i b l e  
average annual  revenues (Fourth Quarter  1976 d o l l a r s )  are $730 and $560 
m i l l i o n  d o l l a r s  f o r  t h e  Fischer-Tropsch tnd O i l / G a s  c a s e s ,  r e s p e c t i v e l y .  
Pro jec ted  DCF'S c a l c u l a t e d  us ing  t h e s e  revenues and t h e  p r o j e c t  s t r u c t u r e s  
developed e a r l i e r  are shown i n  Table X.  To i l l u s t r a t e ,  f o r  t h e  65/55 debt /  
equi ty  c a s e ,  t h e  p r o j e c t e d  DCF's f o r  Fischer-Tropsch and Oil/Gas are 27 and 
20 p e r c e n t ,  r e s p e c t i v e l y .  This  r e s u l t  i n d i c a t e s  t h e  i n c e n t i v e  f o r  a c c u r a t e  
assessment of t h e  m a r k e t a b i l i t y  and p r o f i t a b i l i t y  of s y n f u e l  products  t o  be 
produced i n  second genera t ion  c o a l  conversion p l a n t s  i n  t h e  U.S.  

ECONOMIC COMPARISON FOR LOW SULFUR CONTENT FUEL PRODUCTS. 

Pro jec ted  s u l f u r  conten t  of t h e  Oil/Gas f u e l  o i l  is 0.45. 
pre l iminary  a n a l y s i s  of t h e  e f f e c t  of f u r t h e r  hydro t rea t ing  t o  reduce  t h e  
s u l f u r  conten t  on c o s t  and product  composition was made; t h i s  is  an ex tens ion  
of t h e  design previous ly  reported. '  
t h e  c o s t s  and i m p l i c a t i o n s  of producing very low s u l f u r  f u e l s  from c o a l  by 
O i l / G a s  type technology f o r  environmental  reasons.  

The d a t a  b a s i s  f o r  p r e d i c t i n g  process  and c o s t  r e s u l t s  f o r  h y d r o t r e a t i n g  t h e  
coal-derived l i q u i d s  ii Bimited. 
guide t h e  p r o j e c t i o n s .  ' 'lo 

Prel iminary process  designs were developed f o r  incremental  h y d r o t r e a t i n g  
of t h e  O i l / G a s  f u e l  o i l .  Hydrotreat ing condi t ions  were nominally 650°F and 
2,500 p s i g  wi th  a nickel-molybenum type  c a t a l y s t .  A 6 months c a t a l y s t  l i f e  
was assumed f o r  t h e  purpose of t h i s  pre l iminary  assessment .  

Pro jec ted  product  d i s t r i b u t i o n  as a f u n c t i o n  of  f u e l  o i l  s u l f u r  c o n t e n t  is 
depic ted  i n  F igure  11. With decreas ing  s u l f u r  conten t ,  t h e  amount of f u e l  
o i l  decreases  and t h e  l i g h t e r  products  i n c r e a s e .  

F igure  12 p r e s e n t s  p r o j e c t i o n s  of hydrogen consumptions and Figure  1 3  shows 
pro jec ted  requi red  average product  s e l l i n g  p r i c e  a t  12% DCF, 65% d e b t  as a 
func t ion  of f u e l  o i l  s u l f u r  conten t .  Also shown on Figure  13  i s  t h e  pro jec ted  

The SNG s a l e s  v a l u e  w a s  based on va lue  allowed f o r  

A b r i e f  and very 

The r e s u l t  provides  guidance regard ing  

However, some information is a v a i l a b l e  t o  
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RPSP f o r  n i l  s u l f u r  Fischer-Tropsch products .  R e s u l t s  i n d i c a t e  t h a t  a t  about  
98% s u l f u r  r e d u c t i o n  i n  O i l / G a s  f u e l  o i l ,  t h e  requi red  product  s e l l i n g  p r i c e s  
a r e  approximately equal .  

SUMMARY AND CONCLUSIONS 

Conceptual designs 'economic e v a l u a t i o n s  f o r  two condida te  second genera t ion  
c o a l  conversion technologies  have been completed by t h e  Ralph M. Parsons 
Company. These a r e  a sugges ted  f u t u r e  v e r s i o n  of a Fischer-Tropsch complex, 
and an O i l / G a s  Complex which u s e s  SRC I1 technology. Each conceptual  d e s i g n  
incorporated c e r t a i n  process  and equipment concepts  c u r r e n t l y  under develop- 
ment. The des igns  are based on t h e  presumption t h a t  these  development programs 
w i l l  be  s u c c e s s f u l .  

The conceptual  complexes process  30,000-36,000 tons  p e r  day and produce 
85,000-110,000 b a r r e l s  p e r  stream day of o i l  e q u i v a l e n t .  
c a p i t a l  investments  f o r  t h e  Fischer-Tropsch (F-T) and O i l / G a s  (O/G) complexes 
a r e  1.55 and 1.3 b i l l i o n  d o l l a r s ,  r e s p e c t i v e l y ;  a l l  economics a r e  presented  
i n  f o u r t h  q u a r t e r  1976 d o l l a r s .  Uni t  f i x e d  c a p i t a l  investments ,  expressed 
a s  d o l l a r s  p e r  d a i l y  b a r r e l  o i l  equiva len t  (BOEID) are about  $18,000 and 
$12,000, r e s p e c t i v e l y .  

P r o j e c t e d  f i x e d  

Pro jec ted  product  c h a r a c t e r i s t i c s  from t h e  complexes d i f f e r ;  Fischer-Tropsch 
produces p r i m a r i l y  a l i p h a t i c  l i q u i d s  and Oil /Gas p r i m a r i l y  aromatics .  

Pro jec ted  r e q u i r e d  s e l l i n g  p r i c e s  t o  achieve  a 12% DCF us ing  a 65% d e b t ,  9% 
i n t e r e s t  c a s e  a r e  about  $15.25 and $12.00 p e r  equiva len t  b a r r e l .  A second 
order  assessment of  p o s s i b l e  product  s a l e s  va lues  has  l e d  t o  t h e  conclus ion  
t h a t  DCF'S of  the  o r d e r  o f  20% might be achieved;  t h i s  is presented  t o  
i l l u s t r a t e  the i n c e n t i v e  t o  produce and test enough of t h e  s y n f u e l s  t o  
determine t h e i r  market  v a l u e s .  

P r o j e c t i o n s  o f  p o s s i b l e  c o s t s  f o r  h y d r o t r e a t i n g  a 0.4% s u l f u r  O i l / G a s  f u e l  
o i l  t o  reduce its s u l f u r  c o n t e n t  have been presented .  R e s u l t s  i n d i c a t e  t h a t  
reducing t h e  s u l f u r  c o n t e n t  t o  0.1% would add an incrementa l  $500 m i l l i o n  t o  
t h e  f ixed  c a p i t a l  investment  and reduce t h e  q u a n t i t y  of f u e l  o i l  by about  
6 percent  w h i l e  i n c r e a s i n g  t h e  q u a n t i t i e s  of  LPG's and naphtha.  
r e s u l t  i s  a 1 5  percent  i n c r e a s e  i n  t h e  average requi red  product  s e l l i n g  p r i c e  
(RPSP). 
of t h e  n i l  s u l f u r  F-T RPSP. A t  98% s u l f u r  reduct ion  i n  O i l / G a s  f u e l  o i l ,  t h e  
RPSP's a r e  about  equal .  
t r e a t i n g  s t e p .  A n  i n c e n t i v e  e x i s t s  t o  develop a f i r m  b a s i s  f o r  d e s i g n  and 
p r e d i c t i o n  of economics. 

A f u r t h e r  

The average RPSP a t  t h i s  s u l f u r  level is p r o j e c t e d  t o  be  about  90% 

Limited informat ion  i s  a v a i l a b l e  f o r  t h i s  hydro- 

Fischer-Tropsch and O i l / G a s  coal conversion technologies  each o f f e r  d i f f e r e n t  
advantages and p o t e n t i a l  problems t o  be overcome. 
candida tes  f o r  any f u t u r e  synfuels-from-coal programs. 

They must be  cons idered  
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COAL (2.7% MOISTURE) 

35.670 TPD 

FUEL OIL 11,310 TPD 

SULFUR 1,250 TPD 
r 

AMMONIA 90 TPD 

OXYGEN 4.500 TPD 

WATER 57,750 TPD- 

3,940 TPD --I-- 
BUTANE LPG 410 TPD 

NAPHTHA 1,280 TPD 

01 LIGAS 
PROCESS 

UNITS 

I 
I 

SLAG 4,210 TPO - 
WASTE GAS (COP et al.) 22,950 TPo - 

I WATER LOSSES 51,950 TPD 
/ 

TOTAL IN =OUT 97.920 TPO 

ALL FIGURES IN SHORT TONS 

Figure 4 - Overall Material Balance 
Oil/Gas Plant 
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CLEAN COAL 

36,040 b 

SULFUR 

STEAM AND POWER 
GENERATION 

SULFUR REMOVAL 

SNG 

7254  

PROCESS UNITS 

PROPANE LPG 

958 ’ 
BUTANE LPG 

OXYGEN PLANT 
721 ’ 

NAPHTHA 
FUEL GAS PRODUCTION 

2.258 ’ 

~- 

ALL FIGURES ARE M M  8TU/HR, HHV 

= 77.6% THERMAL = 7.254 + 958 + 721 + 2258 + 16.283 + 406 + 71 
36,040 

Figure 5 - Thermal Efficiency, Oil/Gas Plant 
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COAL 

AIR 

WATER 

TOTAL 

30.000 TPD 
4 

105,890 TPD 
I 

8,925 TPD 
I 

8 
PROCESS 

UNITS 

-r 

'RODUCTS 13.600 TF'D 

SNG 6,590 TPD 
Butanes 340 TPD 

2,380 TPD Naphthas 
Oxygenates 455 TPD 
Diesel Fuel 2,105 TPD 
Premium 

Fuel Oil 715 TPD 
Sulfur 1,015 TPD 

INTERNAL CONSUMPTION 210 TPD 

Acids to 
lnplant Disposal 45 TPD 
Miscellaneous 165 TPD 

i SLAG 2,350 TPD 

144,815 TF'D 

Figure 8 . Overall Material Balance 
Fischer-Tropsch Plant 
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PROCESS UNITS 

COAL PREPARATION 
AND COAL MINE 

OXVGENPLANT 1, I SULFUR REMOVAL 

267.78 

LIQUID PRODUCTS 

237.56 ’ 
SULFUR 

8.09 

ELECTRICAL POWER FOR SALE 

11.43 ’ 
ALL FIGURES ARE MMM ETUIO. HHV 

Figure 9 -Thermal Efficiency 
Fischer-Tropsch Plant 
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0 6 12 18 
DCF R ~ T E  OF RETURN (%) 

Figure 70 ~ Sensitivity of Required Product 
Selling Price to DCF, 65% Debt Case 
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BUTA - 
PROPP 

SULFUR IN FUEL OIL (%I 

Figure 11 . Projected Product Distribution 
Product Yield vs. Fuel Oil Sulfur Content 

OiVGas Plant 
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SULFUR IN F U E L  OIL 19/01 

Figure 12 - Projected Hydrogen Consumption 
Hydrogen Consumed vs. Fuel Oil Sulfur Content 

Oil/Gas Plant 
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Table  I .  Comparison of P r o j e c t e d  Product  C h a r a c t e r i s t i c s  

Product 

SNG 

C3 LPG 

C4 LPG 

F u l l  Range Naphtha 

Light Naphtha 

Heavy Naphtha 

Diesel  Fuel  

Fuel Oi l  

P r o j e c t e d  ChTrac 

Fischer-Tropsch 

P i p e l i n e  Q u a l i t y  

Mixed Butane - Butylene 
37 p s i a  Vapor P r e s s u r e  

N i l  S u l f u r  
185'F ASTM EP 
8S.S0API Gravi ty  

N i l  Sulfur 
300°F ASTM EP 
71.3 S I  Gravi ty  

57OAPI Gravi ty  
60 p l u s  Cetane Number 
N i l  S u l f u r ,  N i l  
Ni t rogen  

41OAPI Gravi ty  ' 
N i l  Sulfur 
Higher  Heat ing Value: 
19,900 Btu / lb  

45 

r i s t i c s  

Oi 1/ Gas 

P i p e l i n e  Q u a l i t y  

Propane 
210 p s i a  Vapor 
P r e s s u r e  

Mixed Propane- 
Butane, 70 p s i a  
Vapor P r e s s u r e  

500 API Gravi ty  
C 5  t o  380'F ASTM 
EP High Naphthene 

-8.2OAPI G r a v i t y  
0 .4  w t  % S u l f u r  
Higher  Heat ing 
Value: 17,200 
Btu / lb  



Table 11. Comparison of Fixed Capital Investments (FCI) for 
Fischer-Tropsch and Oil/Gas Complexes 

Barrels Fuel Oil Equivalent/Day (BPOE/D): F-T = 86,000 
O/G = 110,000 

,Uno and Coal Prepara t ion  
Mine 
coal Prepara t ion  
Coal storage 
Crushing and Dryins 

Subcora l  

Conversion 
Fixher -Tropsch  S y n t h e s i s  
O i l  Recovery and F r a c t i o n a t i o n  
Chemical Recover, 
Slurry and Dissolv ing  
F i l t r a t i o n  
UllflllaLlOn 
Dissolver Acid Gar Removal 

Subto  ta l  

Process Gar Producrion 
Gzriflcatlo" 
Hear Rec. and Pai r .  Removal 
A c i d  Gir Renova1 
ShiiL 
Poser Generation 

SLbfOf31 

SSG Separar lon  and Treatment 
\bfh.MflO" 
Sh'G and LPG Trer:lne 

Subroca l  

Pmduct F in ish ing  
Sul fur  Plant 
Srphrha Hydrogenation 

S u b t o t a l  

U t i l i t i e ~  
oxygen P h n r  
InlTrYmenT 3.m Plant  h l r  
Pomble and Sanitary !fater 
RJI later System 
Fuel Gas Gasify 
Fuel Car Acid Gas R m o v u l  
Raw Later Trea t ing  

S i b l o m i  

Envlronren~al and Gecers? 
F a c i l i t i e s  

Gencrrl Frcilitivi 
la tor  Reclaiming 
Eiflurnt Wafer Treating 

Sour hazer S t r i p p i n g  
ProJ'Lct s t o r a g e  

SubtafPI 

Total C0NIr"CtC.a cos1 

Hone Off ice  C o i f s  
Sales  Tax 

Total  Fixed Cnpi rJ l  lnvestmeni (Fc i )  

FCI/(BFQE/O) 

Fi rcher -Troprch  
5 Millions 

175.6 
22.0 
11.2 
13.0 

221.8 

20J. 6 
30.5 
15.9 
.. 

.. 
__ 
251.0 

3 7 . 3  
1 5 1 . 2  
100.3 

18.9 
119 .6  

327 .3  
- 

60.6 

- 
60.6  

22.1 
-. - 
2 2 .  1 

305.3 
3 . 5  
0.4 

:3.5 
.. 
.. 

- 
355.1 

19 5 
10.4 
3.0 

/ I  - _. . - 
- 

83. I 

1,JiO.O 

150.2 
28. I 

I . s70 .3  
- 

18,  250 
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211.6 
30.0 
13.0 
15.1 

269.7 
- 

_ _  
216.8 
32.0 
31.6 
20.3 

310.7 

45.4 

57.7 
59.5 
86.8 

239.2 

0.6  
48.3 

58.9 
- 

1S.J 
9.2 

24.6 
- 

90.2 
z . 5  

71.2 
17.9  
16.5 

138.2 
- 

37.2 

5.S 
32.2 

5 . 9  

80.8 

1,172.5 

117.2 
23.5 

1,313.0 

- 

- 

11,950 
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Table  111. Comparison of R e l a t i v e  Fixed C a p i t a l  Investments  of 
Fischer-Tropsch and O i l / G a s  by U n i t  u D e s c r i p t i o n  

~~ 

Mining & Coal P r e p a r a t i o n  

Conversion 

Process  Gas Product ion  

S N G  S e p a r a t i o n  & Treatment 

Product  F i n i s h i n g  

U t i l i t i e s  

Environmental & General  F a c i l i t i e s  

T o t a l  

R a t i o  of F ischer -Tropsch  t o  Oil/Gas 

Fixed C a p i t a l  Investment  I FC I /BOE 

1 .os 
1.03 

2.28 

1.58 

1.15 

2.16 

1 .33  

1.53 

Table  I V .  Comparison o f  P r o j e c t e d  T o t a l  C a p i t a l  Requirements f o r  
Fischer-Tropsch and Oil /Gas Complexes 

Item 

Fixed C a p i t a l  Investment  

I n i t i a l  C a t a l y s t  6 Chemicals 

S t a r t - u p  Cos ts  

C o n s t r u c t i o n  Financinga 

Working C a p i t a l  

Land, Rights  of  Way 

TOTAL 

Say 

Fischer-Tropsch 
$ ml 

1550 

11 

110 

212 

115 

1 - 
1997 

2000 - 

O i l / G a s  
s ml 

1300 

9 

86 

188 

107 

1 

1691 

1700 

- 

- 

R a t i o  
F-T - O/G 

1 . 1 9  I 
I 1 . 2 2  

1.13 
1.28 I " I  1 . 0 0  

a )  Example: F o r  65/55 d e b t / e q u i t y ,  9% i n t e r e s t ,  0 .75% commitment f e e  
case .  
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Table  V.  Comparison of P r o j e c t e d  Annual Opera t ing  Costs  f o r  
Fischer-Tropsch and Oil/Gas Complexes 

P r o j e c t  F i n a n c i a l  
S t r u c t u r e  

100% Equity 

65/35 Debt /Equi ty  

Breakeven 

Cos t  Center  

Coal Mine 

Coal P r e p a r t i o n  

Process  P l a n t  

Power P l a n t  

O f f s i t e s  

TOTAL 

s a y  

R a t i o  
Fischer-Tropsch Oil/Gas F-T - O / G  

3.30 2.50 1 . 3 2  

2.55 1.95 1 . 2 8  

1.50 1 . 2 0  1 . 2 0  

Annual Opera t ing  Cos ts  - $MM 

Fischer-Tropsch 

84.5 

2 . 3  

101 .5  

7 . 7  

7.8 

203.8 

205 - - 

O i  1/ Gas 

104.2 

3 .2  

84.4 

14.4 

206.2 

205 - - 

Table  V I .  Comparison o f  P r o j e c t e d  Average Required 
Product  S e l l i n g  P r i c e  a t  12% DCF 

Required Average Product  S e l l i n g  
P r i c e  i n  D o l l a r s  p e r  M i l l i o n  BTU 1 

-. 

I 

1: 
li 

48 
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Table VII. S e n s i t i v i t i e s  of  Average Required Product  S e l l i n g  
P r i c e  t o  Key Economic Parameters  

Economic Parameter  

Fixed C a p i t a l  Investment  

Operat ing Cos ts  

Run of Mine Coal Cos ts  

S e n s i t i v i t y  of  Average RPSD, % 

Fischer-Tropsch Oil /Gas 

100% Equity 65% Debt 100% Equi ty  65% Debt 

87 81 82 78 

15 19 2 1  27 

21 25 30 34 

Table  V I I I .  P o s s i b l e  Product  S a l e s  Values f o r  
Fischer-Tropsch Complex 

Product  

SNG 

Liquids  
- 

c4s 
Naphthas 

Light  
Heavy 

Alcohols  

Diese l  Fuel  

Premium Fuel  O i l  

Power - 
T o t a l  Energy 

S u l f u r  

T o t a l  

E s c a l a t i o n  

4 th  Qtr. 1975 

(9% from 4 t h  
Qtr. 1975 t o  
4 th  Qtr. 1976) 

4-th O t r .  1976 
T o t a l  

Dai ly  
Product ion  

260.0 MMscfd 

3,535 BPD 

10,620 BPD 
9,555 BPD 

3,910 BPD 

16,960 BPD 

4,960 BPD 

3,352 bnV/hr 

1 ,015 Ton 

P o s s i b l e  Unit  S a l e s  
Value i n  D o l l a r s  

4.25/Elcf 

12.00/bbl  

15.50/bbl  
17 .00/bbl  

25.00/bbl 

14.50/bbl  

15.00/bbl  

0.03/klV-hr 

60/ ton  

innual  Gross Revenue 
i n  $ lYill ion 

562.8 

1 4 . 0  

54 .3  
53.6 

32.3 

79.9 

24.5 

241.6 

33 .2  

651.6 

20.1 

671 .7  

- 

- 

- 

60.5 

732.2 - 
49 



Table  I X .  P o s s i b l e  Product  S a l e s  Values 
f o r  Oil/Gas Complex 

P r o j e c t  F i n a n c i a l  
S t r u c t u r e  

100% Equity 

65/35 Debt /Equi ty  

Product  

DCF 

Fischer-Tropsch Oil/Gas 

17 15 

27 20 

~ 

SNG 

Propane 

Butane 

Naphthas 

Fuel  O i l  

T o t a l  Energy 

Sul fur  

.4mmonia 

T o t a l  
4 t h  Qtr. 1975 

E s c a l a t i o n  
(9% from 4 t h  
Qtr. 1975 t o  
4 t h  Qtr. 1976) 

T o t a l  
4 t h  Qtr. 1976 

~ ~ ~~ 

Dai ly  
Product ion  

170 MElscfd 

6 ,030  BPD 

4,100 BPD 

9,400 BPD 

56,400 BPD 

118 LT/D 

90 ST/D 

~~ ~~ 

' o s s i b l e  Unit  S a l e s  
Value i n  D o l l a r s  

4.25/Mcf 

11.00/bbl  

12.00/bbl 

15.50/bbl  

9 .75/bbl  

60/ t o n  

120/ t o n  

~~~ ~~~~~ 

Annual Gross Revenue 
i n  $ M i l l i o n  

238.425 

21.890 

16.235 

48.080 

181.470 

506.100 

2.335 

5.565 

514.000 

46.000 

560.000 

Table  X .  DCF's f o r  P o s s i b l e  Product  Revenues 

I' 
1. 
I 

I 

I 
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COSTS OF SOLIDS-LIQUIDS SEPARATION METHODS I N  COAL LIQUEFACTION 

Kenneth Migut and Stan ley  Kasper 

Dravo Corporat ion 
One Ol iver  P laza  
P i t t s b u r g h ,  PA 15222 

One of t h e  major process  s t e p s  i n  t h e  conversion 
of t h e  r e s i d u a l  char  o r  a s h  from t h e  product  l i q u i d .  I n t e r n a l  s t u d i e s  by Dravo have 
shown t h e  c o s t  of such s e p a r a t i o n s  t o  vary  from 5 t o  20% of t h e  t o t a l  prod C t  oil 
c o s t .  Est imates  of c o s t  of c o a l  der ived  o i l  range from $15 t o  $25 p e r  bbly7)  and 
upward providing a high i n c e n t i v e  t o  recover  a maximum of t h e  o i l  a s s o c i a t e d  wi th  
s o l i d s .  
by weight i f  t h e  o i l  is t o  be  used a s  f u e l  s o  t h a t  t h e  u s e r s  can burn it wi thout  
i n s t a l l i n g  p r e c i p i t a t o r s  on t h e i r  f l u e  gas  s t a c k s .  A l so ,  i f  t h e  o i l s  are t o  be hy- 
d r o t r e a t e d ,  s o l i d s  l e v e l s  less than  0 .1  percent  are r e q u i r e d  s i n c e  f i n e s  from cata-  
l y s t  a t t r i t i o n  would combine wi th  r e s i d u a l  s o l i d s  and cause t h e  f i n a l  product  t o  
exceed t h i s  r e s i d u a l  s o l i d s  apec i f  i c a t o n ( 1 ) .  Because of t h i s  s e p a r a t i o n  s p e c i f i c a -  
t i o n ,  t h e  severe  opera t ing  c o n d i t i o n s ,  and t h e  propens i ty  f o r  p lugging ,  coking,  etc., 
t h e  number of r e l i a b l e  process  schemes is r a t h e r  l imi ted .  

Dravo s e l e c t e d  a t y p i c a l  l i q u e f a c t i o n  process ,  g e n e r a l l y  similar t o  S y n t h o i l ,  and 
examined a number of  s o l i d s  removal systems i n  a n  a t tempt  t o  f i n d  a r e l i a b l e ,  c o s t  
e f f e c t i v e  scheme. 

I n  the  s e l e c t e d  l i q u e f a c t i o n  process ,  p a r t  of  t h e  l i q u i d  product  is recyc led  and 
used t o  s l u r r y  t h e  c o a l  f e e d  t o  t h e  l i q u e f a c t i o n  r e a c t o r .  This  f e e d  s l u r r y  can 
u t i l i z e  a recyc le  s t ream which has  been t r e a t e d  t o  reduce i t s  s o l i d s  conten t  from 12 
t o  6 weight percent .  This i s  accomplished i n  a bank of hydroclones.  The hydroclone 
feed ,  a t  400 p s i g  and 560"F, i s  s p l i t  i n t o  two streams - t h e  overheads,  which is re- 
cyc led  t o  t h e  feed p r e p a r a t i o n  system, and t h e  bot toms,  which e x i t s  a t  15 weight per- 
c e n t  s o l i d s  and 240 p s i g .  This  s t ream must now be  t r e a t e d  f u r t h e r .  

Severa l  methods of secondary s e p a r a t i o n  w e r e  i n v e s t i g a t e d .  T e s t s  on hydroclones and 
c e n t r i f u g e s  have n o t  demonstrated t h e  r e q u i r e d  s o l i d s  removal e f f i c i e n c i e s .  Precoa t  
f i l t r a t i o n ,  on t h e  o t h e r  hand, has  been s u c c e s s f u l l y  t e s t e d ( 2 ) .  
t a i n e d  when f i l t e r i n g  t h e  o i l s  produced i n  t h i s  s e l e c t e d  process ,  when compared t o  
SRC and COED f i l t r a t i o n  r a t e  d a t a ,  i n c r e a s e s  t h e  a t t r a c t i v e n e s s  of f i l t r a t i o n .  This  
high r a t e  i s  due i n  p a r t  t o  t h e  comparat ively l a r g e  amount o f  hydrogen consumed i n  
t h e  l i q u e f a c t i o n  r e a c t o r ,  r e s u l t i n g  i n  a lower v i s c o s i t y  of t h e  product  o i l .  A pre- 
l iminary  screening  i n d i c a t e d  t h a t  f i l t r a t i o n  a t  t h e s e  h igher  rates is comparable t o  
o t h e r  s e p a r a t i o n  methods on a c a p i t a l  c o s t  b a s i s ( 1 ) .  For t h e s e  reasons ,  i t  w a s  de- 
c ided t o  inc lude  p r e s s u r e  precoa t  f i l t r a t i o n  i n  t h e  economic t r a d e o f f  a n a l y s i s .  

Secondary s e p a r a t i o n  can a l s o  b e  c a r r i e d  o u t  by feeding  t h e  hydroclone bottoms t o  
t h e  base  of t h e  product  f r a c t j o n a t o r .  Proper  b a f f l i n g  should produce a s u f f i c i e n t -  
l y  to r tuous  path t o  a l low most of t h e  s o l i d s  t o  remain i n  t h e  bottoms. This  i s  not  
u n l i k e  t h e  o i l  absorp t ion  
s o l i d s  carryover  was removed i n  t h e  f i r s t  c o n t a c t  s t a g e  (bot toms) ,  whi le  t h e  remain- 
i n g ,  l i g h t e r  f r a c t i o n s  w e r e  recovered r e l a t i v e l y  s o l i d s - f r e e ( 3 ) .  

A s  mentioned e a r l i e r ,  economics d i c t a t e  t h a t  e s s e n t i a l l y  a l l  t h e  o i l  be  recovered 
from t h e  sliidge produced i n  t h e  secondary s e p a r a t i o n  s t e p .  The o i l  contained i n  t h e  
s ludge  amounts t o  about 20% of t h e  product ion  r a t e .  Some o i l  d i f f u s e s  i n t o  t h e  ex- 
t r a c t i o n  s o l i d  (char)  pores  and remains t h e r e  through c a p i l l a r y  a c t i o n .  Solvent ex- 
t r a c t i o n  o r  hea t  t rea tment  i s  r e q u i r e d  t o  recover  t h i s  o i l ( 4 ) .  
is c u r r e n t l y  i n  t h e  development s t a g e  and r e q u i r e s  a n  e x t r a  s e p a r a t i o n  s t e p ( 5 ) .  Low 
p r e s s u r e  f l u i d  bed d r y e r s  similar t o t h o s e u s e d  i n  P r o j e c t  Gasol ine were chosen a s  a 
v i a h l e  m c t h ~ d  of e f f e c t i n g  complete s e p a r a t i o n .  O i l  l o s s  by coking is es t imated  a t  

51 

of c o a l  t o  o i l  i s  t h e  s e p a r a t i o n  

Furthermore, t h e  s o l i d s  conten t  o f  t h e  product  o i l  must n o t  exceed .I% 

The h igh  r a t e s  ob- 

tests run  on COED o i l s ,  i n  which t h e  m a j o r i t y  of  t h e  

Solvent  e x t r a c t i o n  



a 

4 percent  of che o i l  f e d  t o  t h e  d r y e r .  
veyed t o  a g a s i f i e r  and used as hydrogen product ion  feeds tock .  

The recovered c h a r  i s  pneumatical ly  con- 

Three a l t e r n a t e  s e p a r a t i o n  systems w e r e  decided on a s  a r e s u l t  of t h i s  i n i t i a l  
sc reening .  Case 1 (Figure 1) employs a hydroclone-rotary p r e s s u r e  precoa t  f i l t e r -  
f l u i d  bed dryer  s o l i d s  s e p a r a t i o n  sequence. The f i l t e r  feed  is a t  200 p s i g  and 
500°F. I n  Case 2 (F igure  2), t h e  f i l t e r i n g  s t e p  is e l i m i n a t e d ,  i n c r e a s i n g  t h e  cap- 
a c i t y  05  t h e  f l u i d  bed dryer  equipment. I n  Case 3 (F igure  3 ) ,  t h e  hydroclone under- 
f low is fed d i r e c t l y  t o  t h e  b a s e  of t h e  f r a c t i o n a t o r ,  which is b a f f l e d  f o r  t h e  
removal o f  t h e  s o l i d s  w i t h  t h e  bottoms. The f i n a l  l i q u i d - s o l i d s  s e p a r a t i o n ,  as pre- 
v i o u s l y  s t a t e d ,  i s  c a r r i e d  o u t  i n  t h e  f l u i d  bed d r y e r  s e c t i o n .  To keep t h e  c o s t  
comparison on a c o n s i s t e n t  b a s e ,  f r a c t i o n a t i o n  charges  were included f o r  a l l  t h r e e  
c a s e s .  

S o l i d s  s e p a r a t i o n  c o s t s  f o r  th i s  50,000 Bhl/day f a c i l i t y  w e r e  c a l c u l a t e d  by t h e  D i s -  
counted Cash Flow method, u s i n g  t h e  fo l lowing  b a s i s :  20-year p r o j e c t  l i f e ,  16-year 
sum-of-the-years-digits d e p r e c i a t i o n  on t o t a l  P l a n t  Investment ,  100 p e r c e n t  equi ty  
c a p i t a l ,  1 2  percent  DCF r e t u r n  r a t e ,  and 48 percent  f e d e r a l  income t a x  r a t e ( 6 ) .  

In a d d i t i o n ,  t h e  fo l lowing  u n i t  c o s t s  w e r e  employed i n  determining t h e  annual  oper- 
a t i n g  c a s t s :  

Low P r e s s u r e  Steam 
Medium P r e s s u r e  Steam 
Process  Water 
Cooling Water 
E l e c t r i c  Power 
Fuel G a s  
Operat ing Labor 
Maintenance Charges 

The fo l lowing  r e s u l t s  were obta ined  : 

I n s t a l l e d  Cost, $M 

Hydroclone Area 
Drum F i l t e r  Area 
F lu id  Bed Dryer Area 
O i l  Absorption Area 
Frac t iona t ion  Area 

T o t a l  I n s t a l l e d  Cost, $M 
Annual Operat ing Cost $M/yr 
T o t a l  Separa t ion  Charges, $/BBL 

$2.30/MM Btu 
$2.50/MM Btu 
$ .40/M G a l  
$ .03/M G a l  
$ .025/KW/HR 
$3.50/MM Btu 
$15,00O/man/year 
3% of t o t a l  i n s t a l l e d  c o s t  f o r  o i l  

6% of t o t a l  i n s t a l l e d  c o s t  f o r  hydro- 
a b s o r p t i o n  and f r a c t i o n a t i o n  a r e a s  

c l o n e ,  f l u i d  bed dryer ,  and drum 
f i l t e r  a r e a s  

CASE I CASE 2 CASE 3 

16021 16021 16021 
25039 --- --- 
13002 39332 15665 

2321 5635 2702 
12908 12908 13153 

69291 73896 47541 
25100 43566 21718 

2.66 3.83 2.14 

The r e s u l t s  show Case 3 t o  be t h e  least c o s t l y  s e p a r a t i o n s  method. T h i s  seems 
reasonable  s i n c e  two o p e r a t i o n s ,  secondary s o l i d s  s e p a r a t i o h  and f r a c t i o n a t i o n ,  
a r e  combined. 
a h igher  f i l t r a t i o n  rate could  be obta ined .  
than  e i t h e r  of  t h e  o t h e r  a l t e r n a t e s .  niis i s  mainly due t o  t h e  h igher  c a p i t a l  c o s t s  
r e q u i r e d  i n  the  Fluid Bed Dryer area and t h e  accompanying l a r g e  i n c r e a s e  i n  f u e l  gas 
usage. 

Case 1 i s  somewhat more expensive,  and would be  more compet i t ive  i f  
Case 2 ,  however, i s  much more c o s t l y  

In summary, t h e  most economical  of t h e  l i q u i d - s o l i d s  s e p a r a t i o n s  methods analyzed 
appears  t o  be  Case 3 ,  t h e  combined secondary s e p a r a t i o n - f r a c t i o n a t i o n  a l t e r n a t e .  
P i l o t  tes ts  would be recommended p r i o r  t o  inc luding  t h i s  system as p a r t  of a com- 
m e r c i a l  f a c i l i t y .  
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OPERATING COST SUMMARY CASE I 

CATALYSTS AND CHEMICALS - F i l t e r  A i d  
UTILITIES - S t e a m  

Process Water 
C o o l i n g  Water 
E l e c t r i c  P o w e r  
Fue l  G a s  

Maintenance 
S u p e r v i s i o n  

ADMINISTRATION AND GENERAL OVERHEAD 
SUPPLIES - O p e r a t i n g  

Maintenance 
LOCAL TAXES AND INSURANCE 
TOTAL GROSS OPERATING COSTS 
TOTAL NET OPERATING COSTS 

LABOR O p e r a t i n g  

OPERATING COST SUMMARY CASE I1 

U T I L I T I E S  - S t e a m  
Process  Water 
C o o l i n g  Water 
E l e c t r i c  P o w e r  
Fue l  G a s  

Maintenance 
S u p e r v i s o r y  

LABOR O p e r a t i n g  

ADMINISTRATION AND GENERAL OVERHEAD 
SUPPLIES - O p e r a t i n g  

Maintenance 
LOCAL TAXES AND INSURANCE 
TOTAL GROSS OPERATING COSTS 
TOTAL NET OPERATING COSTS 

OPERATING COST SUMMARY CASE I11 

U T I L I T I E S  - S t e a m  
P r o c e s s  Water 
C o o l i n g  Water 
E l e c t r i c  P o w e r  
Fue l  G a s  

LABOR O p e r a t i n g  
Maintenance 
S u p e r v i s i o n  

ADMINISTRATION- AND GENERAL OVERHEAD 
SUPPLIES O p e r a t i n g  

Maintenance 
LOCAL TAXES AND INSURANCE 
TOTAL GROSS OPERATING COSTS 
TOTAL NET OPERATING COSTS 

5 3  

SM/YR 
676 

2 , 1 5 4  
2 1 1  
317 

1 , 4 9 3  
11 ,304 

600 

564 
2 , 0 3 0  

1 8 0  
1 , 4 8 0  
1 , 8 7 1  

25,100 
25 ,100 

2,220 

SM/YR 

1,649 
359 
5 40 

2 ,818 
29,389 

360 
2,326 

537 
1 , 9 3 4  

108 
1 .551 
1 : 9 9 5  

43,566 
43,566 

SM/YR 
1,649 

199 
299 
955 

12 ,844 
360 

1 , 4 2 6  
357 

1 , 2 8 6  
10 8 
9 5 1  

1 , 2 8 4  
21 ,718 
21,718 



FIG.l PRESSURE FILTRATION CASE I 
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REGIONAL AND FEEDSTOCK EFFECTS ON ECONOMiCS OF 
iNTEGRATED COAL GASiFICATiON/POWER PLANT SYSTEMS 

Y. K .  AHN AND C. A. BOLE2 

Gilbert/Commonwealth 
P. 0. Box 1498 

Reading, Pennsylvania 19603 

INTRODUCTION 

Coal’s  major r o l e  i n  a l l e v i a t i n g  our  energy s h o r t a g e  depends on o u r  a b i l i t y  t o  d e r i v e  
c l e a n  f u e l s  from i t .  Low and medium Btu gas  from c o a l  can be impor tan t  i n d u s t r i a l  and 
u t i l i t y  f u e l s .  We a r e  p r e s e n t i n g  t h e  r e s u l t s  of  an i n v e s t i g a t i o n  i n t o  how compet i t ive  
t h e s e  c o a l  der ived  f u e l s . a r e  f o r  power genera t ion .  Coal g a s i f i e r s  i n t e g r a t e d  wi th  
e i t h e r  combined c y c l e  o r  convent iona l  steam c y c l e  power p l a n t s  a r e  compared wi th  
convent iona l  coa l  f i r e d  power p l a n t s  wi th  and wi thout  f l u e  gas  d e s u l f u r i z a t i o n  (FGD). 

The geographica l  a r e a s  s e l e c t e d  f o r  s tudy  purposes  a r e  two Nat iona l  E l e c t r i c  R e l i a b i l i t y  
Counci l  (NERC) Regions-the Chicago a r e a  (MAIN Region) and t h e  New England Area (NPCC 
Region). i n  t h e  MAIN reg ion ,  t h e  h igh  s u l f u r  c o a l s  s t u d i e d  w e r e  I l l i n o i s  No. 6 ,  an 
e a s t e r n  c o a l ,  and Rosebud, a wes tern  c o a l .  The low s u l f u r  c o a l s  s t u d i e d  were Stockton,  
West V i r g i n i a ,  e a s t e r n  c o a l  and Wyodak western c o a l .  The same c o a l s  were used f o r  t h e  
NPCC region  except  t h a t  Middle Ki t tanning  c o a l  was t h e  r e p r e s e n t a t i v e  high s u l f u r  
e a s t e r n  c o a l .  The c h a r a c t e r i s t i c s  of  c o a l  s e l e c t e d  a r e  summarized i n  Table 1 . (1)  

BASIS OF POWER PLANT DESiGN 

800 Mw is  t h e  base  load u n i t  s i z e  i n  t h i s  s tudy .  Capaci ty  f a c t o r  i s  70%. Coal s torage  
and handl ing  f a c i l i t i e s  provide  c a p a c i t y  f o r  60 days o n s i t e  s t o r a g e .  

For a combined c y c l e  b a s e  l o a d  u n i t ,  t h e  s tudy case p l a n t  conta ined  f o u r  200 Mw modules, 
each c o n s i s t i n g  o f  a g a s  t u r b i n e ,  h e a t  recovery b o i l e r ,  s team t u r b i n e ,  and genera tor .  

The f i x e d  c a p i t a l  c o s t s  f o r  a l l  power p l a n t  c o n f i g u r a t i o n s  and f i x e d  o p e r a t i n g  c o s t s  
f o r  t h e  two convent iona l  power p l a n t  technologies  are summarized i n  Table  2 .  The f ixed 
o p e r a t i n g  c o s t s  f o r  t h e  i n t e g r a t e d  c a s e s  a r e  d iscussed  i n  a s e p a r a t e  s e c t i o n .  

GASIFIER SELECTiON 

S e l e c t i o n  Criteria 

Although g a s i f i e r s  d i f f e r  i n  many ways, they  a r e  g e n e r a l l y  c l a s s i f i e d  according t o  coal 
f low w i t h i n  t h e  r e a c t o r .  In a fixed-bed g a s i f i e r ,  t h e  steam r e q u i r e d  f o r  g r a t e  cool ing 
and f o r  prevent ing  c l i n k e r  format ion  is g r e a t e r  than  t h e  amount of  s team r e q u i r e d  f o r  
t h e  g a s i f i c a t i o n  r e a c t i o n ,  t h e r e b y  lowering t h e  o v e r a l l  thermal  e f f i c i e n c y  i n  
g a s i f i c a t i o n .  In  a d d i t i o n ,  due  t o  t h e  l a r g e  c o a l  p a r t i c l e  s i z e s  and t h e  moderate 
temperature  involved,  t h e  f ixed-bed g a s i f i c a t i o n  r a t e s  a r e  low, and s o l i d  r e s i d e n c e  
t i m e s  of  one t o  two hours  a r e  r e q u i r e d .  These g a s i f i e r s ,  however, have e x c e l l e n t  
turndown c a p a b i l i t i e s .  

I n  a f l u i d i z e d  bed,  t h e  upward f low of gas i s  a t  a v e l o c i t y  s l i g h t l y  above t h a t  required 
t o  merely suppor t  t h e  coa l .  The r e l a t i v e l y  s h o r t  c o a l  r e s i d e n c e  t i m e  (20 t o  40 min.) 
r e s u l t s  i n  a lower o p e r a t i n g  e f f i c i e n c y  than  f o r  t h e  f i x e d  bed. 
e f f i c i e n c y  r e q u i r e s  i n c r e a s i n g  t h e  c o a l  res idence  t i m e  by us ing  m u l t i s t a g e  beds t o  
o b t a i n  t h e  countercur ren t  c o n d i t i o n s .  

i n c r e a s i n g  t h e  thermal 

-. 
, !. i 
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TABLE 1. C h a r a c t e r i s t i c s  of Coals Selected 

High Sul fur  Coal 
I l l i n o i s  No. 6 Rosebud Mid-Kittaninq 

Proximate Analysis: % 

Moisture 9.7 9. a 3.3 
Vola t i le  Matter 36.6 35.2 30.1 
Fixed Carbon 42.2 46.7 57.5 

9.1 A s h  11.5 8.3 

Total 100.0 100.0 100.0 

- 

U 1  t imate Analysis: % 

Hydrogen 
Carbon 
Nitrogen 
Oxygen 
Sul fur  
Ash 

5.3 5.2 5.2 
63.4 60. a 75.3 

1.4 0.9 1 .3  
13.9 22.8 6.9 

4.5 2.0 2.2 
9.1 - 11.5 8.3 

Total 100.0 100.0 100.0 

H H V ,  Btu/lb 11,605 10,379 13,282 

Ash F u s i b i l i t y ,  OF 

I n i t i a l  2,330 2,010 2,020 
Softening 2,430 2,060 2, oao 
F1 uid 2,590 2,110 2,210 

Low S u l f u r  Coal 
Stockton Wyodak 

3.0 
34.9 
54.3 
7.8 
100.0 

5.2 
75.4 

1.4 
9.6 
0.6 
7.8 

100.0 

13,084 

2,910+ 
2,910+ 
2,910+ 

29.5 
30.1 
33.9 

100.0 

6.5 

7 . 3  
45.7 

1.1 
39.0 

0.4 
6.5 
100.0 

8,167 

2,163 
2,223 
2,250 

in a n  e n t r a i n e d  bed, t h e  r a w  c o a l  f e d  i n t o  t h e  u n i t  is  t r a n s p o r t e d  by t h e  v e l o c i t y  of 
t h e  gas .  The e x t e n t  of c o a l  conversion t o  gas i s  l i m i t e d  by t h e  s h o r t  s o l i d  res idence  
t i m e  of  l e s s  than  t e n  seconds.  in o r d e r  t o  achieve  e s s e n t i a l l y  complete convers ion  and 
t o  main ta in  high thermal  e f f i c i e n c y ,  a m u l t i s t a g e  c o u n t e r c u r r e n t  u n i t  i s  d e s i r e d .  

For a p p l i c a t i o n  t o  power p l a n t s  of bo th  convent iona l  and combined c y c l e  type ,  a 
g a s i f i c a t i o n  process  wi th  a h igh  throughput  and a h igh  degree  of r e l i a b i l i t y  i s  
d e s i r a b l e .  G a s i f i e r  turndown c a p a b i l i t y  is o f  l e s s  importance f o r  base  load  u n i t s .  i n  
a combined c y c l e ,  h igh  p r e s s u r e  g a s i f i e r s  a r e  d e s i r a b l e ,  whereas low p r e s s u r e  g a s i f i e r s  
a r e  s a t i s f a c t o r y  f o r  convent iona l  c y c l e s .  

A review of g a s i f i e r  s p e c i f i c a t i o n s  i n d i c a t e s  t h a t  an entrained-bed g a s i f i e r  meets t h e  
cri teria,  i.e., p r e s s u r i z e d ,  s i n g l e  s t a g e  f o r  combined cyc le  a p p l i c a t i o n s  and low 
p r e s s u r e ,  two-stage f o r  convent iona l  c y c l e  power p l a n t  a p p l i c a t i o n s .  
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Fuel Characteristics 

The different gasification processes produce variations in raw or clean gas composition. 
However, for a given gasification process, experimental data using various coal feeds, 
ranging from bituminous to lignite, indicate that the characteristics of clean o r  raw 
gas composition are almost independent of types of coal employed. For example, the raw 
gas composition from low pressure two-stage, oxygen-blown, entrained-bed gasifiers does 
not vary greatly when fed with bituminous, subbituminous or lignite(2). 
study, therefore, it is assumed that the product gas composition from a selected 
gasifier is independent of the type of coal feed. Typical fuel characteristics for low 
and medium Btu gas obtained from an entrained gasifier are presented in Table 3.  

Process Description 

Simplified block flow diagrams of the integrated gasification/conventional boiler and 
combined cycle plants are shown in Figures 1 and 2 ,  respectively. Since the entrained- 
bed gasifier was selected for the applications of both power plant configurations, the 
gasification process description presented is valid for both power plant applications. 

in the entrained-bed gasifier, prepared, pulverized coal is fed to the gasifier along 
with steam and oxygedair. Low pressure steam for the gasifier reaction is produced in 
the gasifier cooling,jacket. 
passed through a waste heat boiler. The gas is cooled in a venturi scrubbing system 
and sent to a suitable desulfurization system. The clean product gas is then sent to 
the fuel ports of the steam generator (boiler). A balanced-draft, tangentially-fired, 
controlled circulation steam generator is used to burn the clean, low or medium Btu 
gas. 

For the combined cycle facility, compressed air and cleaned fuel gas are fired in the 
combustion chamber of the gas turbine. The hot combustion gases are then ,expanded 
through the turbine to generate electrical power. The exhaust from the gas turbine is 
used further to generate high pressure steam in an unfired boiler before being sent to 
the stack. The high pressure steam drives the steam turbine to generate additional 

For the present 

Raw gas at 2700°F is usually water quenched and then 

. electric power. 

BASIS OF INTEGRATED GASiFiER/POWER PLANT SYSTEM DESiGN 

The performance of various gasifier and gasification system configurations as applied 
to the production and utilization of low and medium Btu gas was evaluated by examining 
the effect of gasification parameters on thermal efficiency for a given coal. 
Subsequently, the effect of varying coal feed on thermal efficiency/performance was 
estimated based on consideration of key constituents in the coal, i.e., moisture, 
sulfur, oxygen, and ash. 

Effect of Gasification Parameters on Thermal Efficiency 

The gasification parameters affecting thermal efficiency are oxidizing medium (air 
versus oxygen), pressure, and number of gasifier stages. A gasification system, which 
utilizes relatively pure oxygen for partial combustion of the coal to supply heat for 
the endothermic steam-carbon gasification reaction, usually has a higher thermal 
efficiency than if air were the oxidant. 
pressure increases, the driving force for the exothermic hydrogen-carbon reaction 
reduces the amount of oxidation required, thereby increasing the heating value of the 
gas produced and increasing the thermal efficiency. A two-stage, entrained-bed gasifier 
can reduce thermal losses by gasifying char produced in the low temperature stage 
(about 1800° F) in a high temperature stage. 
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FIGURE I 
INTEGRATED GASIfICATlON/CONVENTlONAL CYCLE 

POWER PLANT SYSTEM 

FIGURE 2 
INTEGRATED GASlflCATlON/COMElNED CYCLE 

PLWER PLANT SYSTW 
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TABLE 3. TYPICAL FUEL CHARACTERISTICS FOR LOW AND MEDIUM-BTU GAS 

Clean Gas Composit ion 
(% Dry) 

co 
H2 
co2 
CH4 
N2 
To ta l  

HHV: Btu/LB 

S to i ch iomet ry  
Combustion A i r ,  
Lb/LB Fuel 

Low-Btu Gas 

Low Pressure 
En t ra ined  Bed 

22.24 
17.18 
7.02 
0.03 
53.53 

100.00 

120-130 

1.05 

Medium-Btu Gas 

Low Pressure P ressu r i zed  
En t ra ined  Bed En t ra ined  Bed 

52.73 
36.13 
10.04 

1.10 

100.00 

280-290 

3.03 

29.54 
32.36 
21.67 
15.83 
0.60 

100.00 

358 

4.02 

provides the heat for the coal feed stage. 
avoids the high coal combustion requirement that a single-stage, entrained-bed gasifier 
has (2700O to 3300O F). 

Performance data for the gasification systems considered for power generation are 
presented in Table 4. 
engineering judgement applied in accordance with the effective system parameters 
outlined above. The hot and cold gas efficiencies for low pressure, single-stage, 
oxygen-blown, entrained-bed gasifiers ( 3 )  (Case 3 )  and the low pressure, two-stage, air- 
blown, entrained-bed gasifier(4) 
efficiencies for Cases 1 and 2 were determined by taking into account pressure effects, 
i.e., increase of the thermal efficiencies by 1% for high pressure operation. 

For producing electricity, when gasifiers are integrated with either a conventional or 
combined cycle power plant, the net station system efficiency is higher than the cold 
low or medium Btu gas efficiency but lower than the hot gas efficiency. Auxiliary 
power produced in the power plant and sensible heat recovered during the gas cleanup 
can be used as a part of the gasification system energy requirement. in general, 
integrating a gasification system with a power plant, will improve the efficiency of 
heat recovery and provide opportunities to optimize the overall cycle. 

integration of gasifiers with the combined cycle plant provides higher gasifier system 
efficiency than those with conventional power plants because of increased potential for 
cycle optimization. Additionally, for integration with the same power plant 
configuration, medium Btu gas provides a higher gasifier system efficiency than low Btu 
gas. 

The two-stage, entrained-bed gasifier thus 

The tabulation represents a combination of published data and 

(Case 4) were obtained from published data. The 
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Table 4. Thermal E f f i c i e n c y  O f  G a s i f i c a t i o n  Systems 

Case 

Type 
G a s i f i e r  

Oxidant  

Coal Type 

G a s i f i e r  E f f .  
Hot  Gas, % ( a )  
Cold Gas, % ( b )  

G a s i f .  System E f f  .%(c) 

Power P l a n t  E f f . % ( c )  
Conventional Cycle 
Combined Cycle 

I n t e g r a t e d  G a s i f i e r /  
Power P l a n t  E f f . ,  % ( d l  

Med. - 6 t u  
I n t e g .  

w/Base C.C. 

1 

Pressu r i zed  
E n t r a i n e d  
S i n g l e  Stage 

02 

Ill. 6 B i t .  

92 
76 

84.0 

N I A  
38.5 

32.3 

Low-Btu 
In teg .  

w/Base C.C. 

2 

P ressu r i zed  
Ent r a  i ned 
Two Stage 

A i r  

Ky. B i t .  

Med. -Btu 
I n t e g .  

w/Conv. Base 

3 

L.P. 
En t ra ined  
S i n g l e  Stage 

02 

Ill. 6 B i t .  

93 91  
77 75 

81.5 80.0 

N/A 36.0 
38.5 N/A 

31.4 28.8 

Low-Btu 
In teg .  

w/Conv. Base 

4 

L.P .  
Ent ra ined  
Two Stage 

A i r  

Ky. B i t .  

92 
76 

77.5 

36.0 
N/A 

27.9 

(a)Hot  gas e f f i c i e n c y ,  

% = HHV o f  gas @ g a s i f i e r  e x i t  temp. + sens ib le  heat  @ g a s i f i e r  e x i t  temp. X 100.' 
HHV o f  coa l  f e d  t o  g a s i f i e r  

(b )Co ld  gas e f f i c i e n c y ,  

% = HHV o f  gas ( a f t e r  t a r ,  o i l  ,. NH?, H7S have been removed) X 100. 
HHV o f  c o a l  f e d  t o  g a s i f i e r  

( C ) ~ ~ ~  est imate.  

(d )P roduc t  of g a s i f i e r  system e f f i c i e n c y  and power p l a n t  e f f i c i e n c y .  
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In determining overall plant efficiencies for all the integrated cases, power plant 
efficiencies of 36.0% and 38.5% were used for conventional and combined cycle power 
plants, respectively. 

Effect of Coal Feed on Thermal Efficiency 

In order to facilitate an economic evaluation of alternatives, it was necessary to 
determine the effect of coal feed variation on the thermal efficiencies of the 
gasification systems and overall plants. 

The key constituents of coal, which were considered in estimating the thermal 
efficiencies of a given process when fed with alternative coals, are moisture, sulfur, 
oxygen and ash. 

a. Moisture - Coal must be dry to about 3% moisture. The effect of moisture 
on gasifier system efficiency was determined by using a heat requirement 
of 1,000 Btu per pound of moisture. 

Sulfur - The gasifier system efficiency increases with decreasing sulfur 
content of coal. The effect of sulfur on efficiency was estimated by 
using the heating value of elemental sulfur. 

b. 

c. Oxygen - Highly reactive coals can be gasified at relatively lower temperatures 
than coals of low oxygen content. The low gasifier temperature requires less 
carbon combustion and increases thermal efficiency. 

d. Ash - As the ash content of coal increases, the amount of energy required in the 
coal preparation section for the dryer and pulverizer increases. Additionally, 
the energy losses in the gasifier system also increase with increasing ash content 
because increased power is required to feed the coal and some sensible heat is 
lost with ash leaving the gasifier. 

The overall effect on thermal efficiency of these coal constituents was established for 
each coal in the study as a variance from the efficiency of the' base coal. Typical 
results for variations in the gas i f i e r  system efficiencies from the based coal are 
summarized in Table 5. 

ECONOMICS OF iNTEGRATED SYSTEMS 

Fixed Capital and Operating Costs 

The base, fixed capital costs for all four integrated cases were estimated by adjusting 
published data(5) to establish compatibility between the performance as proposed in 
the reference and that required to produce a desired fuel. The base, fixed o eration 
and maintenance labor cost was estimated from a Combustion Engineering study(g). The 
published data was adjusted using a power factor on electric generation capacity from 
a Fluor-Utah study(6). 
summarized in Table 6. 

After the fixed capital and operating costs of each gasification system for base coals 
were established, the costs of each system when fed with alternative coals were 
determined using the calculated coal fuel rates, regional factors, and the scale 
factors required to adjust each cost element to compensate for the alternate coal feed. 
The fixed capital and operating Costs for all cases considered are tabulated in Table 7. 

The estimated base, fixed capital and operating costs are 
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TABLE 5. GASIFICATION SYSTEM 
EFFICIENCIES FOR ALTERNATIVE COALS 

BASE ILL IN0 IS MIDDLE 
COAL NO. 6 ROSEBUD KITTANING STOCKTON WYODAK 

Medium-Btu Gas 
Integrated With 84.0 84.0 84.0 88.0 90.0 84.0 

Combined Cycle ( I l l i n o i s  6 )  

Low-Btu Gas 
Integrated With 81.5 81.5 83.5 85.5 87.5 81.5 

Combined Cycl e (Kentucky 9 )  

Medium-Btu Gas 
Integrated W i t h  80.0 80.0 82.0 84.0 86.0 80.0 

Conventional Cycle ( I l l i n o i s  6 )  

Low-Btu Gas 
Integrated W i t h  77.5 77.5 79.5 81.5 83.5 17.5 

Conventional Cycle (Kentucky 9 )  
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TABLE 8.  Financial Parameters Used t o  
Develop Power Generation Cost 

P lan t  Life 

Depreciation (Based on Total Capital  

Fraction Debt 

Return on Equity 

I n t e r e s t  o n  Debt 

Load Factor 

Working Capital 

Less Working C a p i t a l )  

I n t e r e s t  During Construction 

Federal Income Tax Rate 

20 Years 

5%/Year S t r a igh t  Line 

0.75 

15%//Year 

1 Z%/Year 

70% 

Coal Inventory f o r  60 Days 
and 1 %  o f  Fixed Capital  Cost 

I n t e r e s t  on Debt x Total 
Fixed Capital  x 2 

48% 

Development of Power Generat ion C o s t  

The f ixed  c a p i t a l  and o p e r a t i n g  c o s t s  summarized i n  Tables  2 and 7 w e r e  used t o  develop 
power genera t ion  c o s t ;  t h e  u t i l i t y  f inanc ing  method w a s  used w i t h  t h e  f i n a n c i a l  
parameters  summarized i n  Table 8 .  The power g e n e r a t i o n  c o s t s  c a l c u l a t e d  are summarized 
i n  Table  9 t o g e t h e r  with t h e  d e l i v e r e d  c o a l  c o s t .  

CONCLUSIONS 

R e f e r r i n g  t o  Table 9 ,  t h e  f o l l o w i n g  conclus ions  were observed:  

1. 

2. 

3 .  

4 .  

5 .  

The western c o a l s  (both  h i g h  and low s u l f u r )  i n  t h e  load  c e n t e r  s i t e s  of t h e  
NPCC region are not  c o m p e t i t i v e  w i t h  e a s t e r n  c o a l s ,  whereas t h e  western 
c o a l s  a r e  compet i t ive  wi th  the e a s t e r n  c o a l s  i n  t h e  M A i N  reg ion .  

i n  t h e  MAIN region ,  bo th  e a s t e r n  and wes tern  h igh  s u l f u r  c o a l s  are compet i t ive  
wi th  low s u l f u r  c o a l s .  i n  t h e  NPCC reg ion ,  however, t h e  e a s t e r n  h igh  s u l f u r  
c o a l  appears  t o  be more a t t r a t i v e  t h a n  t h e  e a s t e r n  low s u l f u r  c o a l s .  

i n t e g r a t e d  convent iona l  plants i n  b o t h  r e g i o n s  f o r  a l l  c o a l s  a r e  n o t  compet i t ive  
w i t h  t h e  two convent iona l  power p l a n t s  us ing  h igh  s u l f u r  c o a l  wi th  FGD and low 
s u l f u r  without  FGD. 

i n t e g r a t e d  combined cyc le  p l a n t s  us ing  t h e  e a s t e r n  h igh  s u l f u r  c o a l  i n  t h e  NPCC 
r e g i o n  a r e  more a t t r a c t i v e  t h a n  t h e  two convent iona l  power p l a n t s .  

i n  t h e  MAIN region ,  t h e  i n t e g r a t e d  combined c y c l e  p l a n t s  a r e  e i t h e r  b e t t e r  than 
o r  comparable t o  t h e  high s u l f u r  c o a l  f i r e d  p l a n t s  wi th  FGD, whereas they a r e  
n o t  compet i t ive  wi th  t h e  low s u l f u r  c o a l  f i r e d  p l a n t s  wi thout  FGD. 
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All observations were based on the fixed delivered coal cost. in order to determine 
coal cost situations where the integrated combined cycle plants in the MAIN region 
would be competitive with low sulfur conventional coal fired plants without FGD, the 
sensitivity of the integrated of the plant generation cost to coal cost is analyzed, as 
shown in Figure 3. The lowest power generation cost in the main region was 2.751~ per 
kilowatt hour for Wyodak coal without FGD. Figure 3 indicates that for medium Btu gas 
integrated with a combined cycle power plant, the delivered coal prices would have to 
be $15.00, $12.50 & $25.00 per ton of Illinois No. 6 ,  Rosebud, and Stockton coals 
respectively to be competitive with the Wyodak coal fired without FGD. The study was 
intended solely to demonstrate how the selection of coal feedstocks and regions effect 
the power generation costs for various configurations. 
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HIGH- AND LOW-Btu GAS FROM MONTANA 
SUBBITUMINOUS COAL 

J. L. Arora 
K. B. Burnham 
C. L. Tsaros 

Institute of Gas Technology 
Chicago, Illinois 60616 

U.S.A. 

INTRODUCTION 
63 

Two coal gasification processes are under development at IGT. The@HYGAS 
Process has been developed for high-Btu gas (SNG) from coal; the U-GAS Process, 
a much simpler system, has been developed for low-Btu gas. This paper describes 
the application of these gasifiers for different objectives and compares process 
and economic characteristics. HYGAS and U-GAS reactor systems are compared for the 
manufacture of pipeline gas, and the U-GAS Process is analyzed as an advantageous 
source of low-Btu gas. Three process designs and their economics for manufacturing 
a nominal amount of 240 billion Btu/day of product gas are discussed. The designs 
are based on the conversion of Montana subbituminous coal, whose analysis is given 
in Table 1. Because the coal is nonagglomerating, pretreatment is not required. 

Table 1. MONTANA SUBBITUMINOUS COAL 

Proximate Analysis Weight Percent 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Total 

22.0 
29.4 
42.6 
6.0 

100.0 
- 

Ultimate Analysis (Dry) 

Carbon 67.70 
Hydrogen 4.61 
Nitrogen 0.85 
Oxygen 18.46 
Sulfur 0.66 
Ash 7.72 

Total 100.00 

Dry Heating Value, Btu/lb 11,290 
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PROCESS DESIGNS FOR PIPELINE GAS (HIGH-Btu GAS) 

TWO PKOCeSs designs for the manufacture of 242 billion Btu/day of SNG at lo00  
psig from coal have been made: 
utilizing the U-GAS Process. 
the HYGAS Process. A comparison of the two processes will show any economic benefit 
derived from the use of the more complex and costly HYGAS reactor in contrast to the 
simpler U-GAS reactor in the manufacture of pipeline gas from coal. 

Comparison of the HYGAS and U-GAS Reactors 

one based on the HYGAS Process and a similar design 
The capacity was set by an existing design based on 

The HYGAS reactor (hydrogasifier) is designed to maximize direct methane for- 
mation by the reaction 

Coal + 2H2 - CH4. 1) 

This reaction supplies heat for the endothermic reaction also occurring in the 
hydrogasifier: 

Coal + H20 - CO + H2. 2)  

High pressure in the reactor, 1165 psig in this design, favors the formation of 
methane. 

Process coal at a rate of 15,996 tons/day is dried to 10% moisture and simul- 
taneously ground to below 8 mesh with a maximum of 15% below 100 mesh. The pre- 
pared coal is pneumatically conveyed to the slurry preparation section, and a 50% 
water slurry is pumped to the hydrogasifier. A fluidized-bed dryer is located at 
the top of the vessel, where the slurry water is vaporized in contact with the hot 
reactor effluent gases. 

The reactor coal feed passes through three zones of conversion: 1) a low- 
temperature (lOOO°F) transport reactor, where the coal is devolatilized and rapid- 
rate conversion to methane enriches the product gas; 2) the main fluidized bed at 
1700°F, where most of the methane is formed; and 3) the steam-oxygen gasification 
zone at 1850"F, where synthesis gas is generated from the hydrogasifier char 
according to the endothermic steam decomposition reaction 

Char + H 0 CO + H2. 3) 2 
Heat is supplied by partial combustion of the char with oxygen: 

c + o2 - co2. 4 )  

Further generation of hydrogen occurs in zone 2, where the exothermic methane for- 
mation reaction supplies heat'for the steam decomposition reaction 
and 2 ) .  

(Reactions 1 

The U-GAS reactor is a single-stage fluidized-bed gasifier operating at 1900°F 
and 335 psig. The reactor is not primarily designed to make methane. To promote 
methane formation, where SNG is the desired end product, 18,400 tons/day of coal is 
fed into the upper portion of the gasifier onto the fluidized bed. The countercur- 
rent flow of hot gases and coal devolatilizes the coal, and some methane i s  formed. 
Reactions 2 and 4 are the major reactions taking place in this system. A lockhopper 
coal feed system, which is used commercially at this relatively low pressure level, 
is used to feed the coal. Further operating details of the U-GAS system are dis- 
cussed in the section on low-Btu gas. 
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Raw gas composi t ions from t h e  two r e a c t o r s  a r e  compared i n  Table 2. The t o t a l  
moles p e r  hour i s  t h e  requirement  f o r  242 b i l l i o n  Btu/day of  product  gas. 

Table 2. COMPOSITION OF RAW GAS FROM GASIFIERS 

HYGAS 
Hydrogas i f ie r  U-GAS 

E f f l u e n t  Raw Gas 

mol X 
co 20.13 34.18 

18,65 13.30 

23.68 29.52 

22.68 17.44 

12.86 4.84 

HZ 

H2° 

cH4 

NH3 

H2S 

-- 0.99 

0.34 

0.19 0.20 

N2 + A r  0.18 0.52 
B-T-X 0.30 __ 

100.00 100.00 

T o t a l  mol/hr 103,288 126,576 

__ ‘ZH6 

I n  a d d i t i o n  t o  c o a l  r a w  material, genera t ion  of these  gases  r e q u i r e s  steam and 
oxygen. The HYGAS r e a c t o r  r e q u i r e s  1,003,130 l b / h r  of steam a t  1200 ps ig  and 
1O5O0F, plus 2999 tons/day of 98% oxygen. The U-GAS r e a c t o r  r e q u i r e s  670,320 l b / h r  
of steam a t  385 p s i g  and 800°F, p l u s  7986 tons/day of oxygen. 

The Manufacture of  P i p e l i n e  Gas 

The raw gases  from b o t h  r e a c t o r s  r e q u i r e  upgrading t o  pipel ine-gas  q u a l i t y .  
For t h e  HYGAS p l a n t ,  t h e  r e q u i r e d  s t e p s  a r e  shown i n  t h e  flow diagram of Figure 1, 
and t h e  compositions of  t h e  process  f low streams are given i n  Table 3 .  
Table 4 give s i m i l a r  in format ion  f o r  t h e  U-GAS p l a n t .  

Figure 2 and 

SNG by HYGAS 

The e f f l u e n t  gas  i s  cooled by waste h e a t  recovery and cleaned i n  a v e n t u r i  
scrubber  t o  remove small p a r t i c l e s  c a r r i e d  over  from t h e  hydrogas i f ie r .  The gas  is 
sent  t o  a CO conversion r e a c t o r  where t h e  H / C O  r a t i o  i s  r a i s e d  t o  3.2 o r  3.3 i n  
prepara t ion  f o r  methanat ion.  The c a t a l y s t  is an o i l -  and s u l f u r - r e s i s t a n t ,  high- 
temperature CO conversion c a t a l y s t .  Steam f o r  t h i s  r e a c t i o n  i s  suppl ied  by vapor- 
ized s l u r r y  feedwater  p r e s e n t  i n  t h e  raw gas.  

2 

The B-T-X formed i n  t h e  h y d r o g a s i f i e r  i s  recovered as a va luable  by-product 
O i l  scrubbing and a c t i v a t e d  carbon a r e  used f o r  t h i s  operat ion.  a f t e r  CO conversion.  

Large amounts of CO 
p i p e l i n e  gas qual i t ; .  
t h i s  s e c t i o n  a r e  s e n t  t o  a S t r e t f o r d  u n i t  f o r  s u l f u r  recovery. 
H S a r e  removed by a c t i v a t e d  carbon and z inc  oxide  beds.  

and H S must b e  removed from t h e  gas dur ing  t h e  upgrading t o  
Thig is done by h o t  carbonate  scrubbing;  a c i d  gases  l e a v i n g  

F i n a l  t r a c e s  of 

2 
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The purified gas is methanated in a fixed-bed reactor where essentially all the 
CO and some of the C02 are converted by the following reactions: 

CO + 3H2 CH4 + H20 5) 

C02 + 4H2 CH4 + 2H20. 6 )  

Temperature is controlled by recycling the product so as to dilute the CO content 
in the feed mixtures to the four reactor stages to about 4%. This limits the maxi- 
mum catalyst bed temperature to 900'F. A product gas of 961 Btu/SCF HHV leaves the 
plant at 1000 psig. 

Water condensate from CO conversion effluent goes through oil-water separation 
and a Chevron waste-water treatment process. Stripped gases go to an ammonia re- 
covery section where 69 short tons/day are recovered as by-product. Acid gases are 
combined with those from the hot carbonate section and sent to the Stretford unit. 
The by-product sulfur is 65.3 long tons/day. 
84,144 gal/day. 

Total by-product B-T-X recovery is 

SNG by U-GAS 

The flow diagram for this process (Figure 2 )  shows major steps similar to those 
for the HYGAS Process. However, there are several important differences. 

1. Because of the much lower operating pressure, the U-GAS system uses lockhoppers 
to feed the dried, ground coal to the reactor instead of slurry feed. 

2. We have assumed that ammonia is not formed, and since the U-GAS reactor does 
not make B-T-X, recovery systems f o r  these materials are not required. 

3. The steam for CO conversion is generated by adiabatic humidification of the 
hot (1700'F) raw gas in the venturi scrubber, recovering heat in cooling to 
380'F. 

4. Because of the lower gasifier pressure compared with HYGAS (335 VS. 1165 psig), 
subsequent compression to 450 psig before acid-gas removal and final product 
compression to 1000 psig are required. 

Comparison of HYGAS~n~-_or the Manufacture of Pipeline Gas 
Gasifier and process parameters, process energy balances, and efficiencies for 

the manufacture of pipeline-quality gas by the HYGAS and U-GAS Processes are shown 
in Tables 5, 6, and 7. The utility requirements for each process design were esti- 
mated, and complete energy balances were made. Both plants have coal-fired boilers 
for steam and power generation. 

The gasifier feed quantities are presented in Table 5. The U-GAS reactor con- 
sumes about 157: more coal than the HYGAS reactor at equal carbon conversions of 
98%. However, the steam requirement for U-GAS is about 67% of that for HYGAS; this 
is because the U-GAS reactor operates at 1900°F and HYGAS has reaction zones at 1000°, 
1700", and 1850"F, so the reaction rates are higher. The most significant differ- 
ence in gasifier feeds is in the amount of oxygen. 
7986 tons/day of oxygen, which is about 2.7 times as much a; required by the HYGAS 
reactor. The proportionately larger U-GAS oxygen plant is one of the major factors 
contributing to the greater utility requirements and higher costs for U-GAS as com- 
pared with HYGAS. 

The U-GAS reactor requires 

Table 6 is a comparison of important process quantities for each design. The 
HYGAS reactor operates at over 1000 psig as compared with the 335 psig operating 
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Table 6. COMPARISON OF PROCESS QUANTITIES FOR MANUFACTURING 
NOMINAL 240 X lo9 Btu/DAY HIGH- AND LOW-Btu GAS 

FROM MONTANA SUBBITUMINOUS COAL 

Gasifier Pressure, psig 

Gasifier Temperature, OF 

CH4 in Gasifier Effluent, mol/hr 

Percent of Product Methane 

C H in Gasifier Effluent, mol/hr 
CO + H in Gasifier Effluent, 

CO Shifted, mol/hr 

Cog + H2S + COS Removal, mol/hr 
CH4 Made in Methanator, mol/hr 
Total C H 4  in Product Gas, mol/hr 

Plant Power Required, kW 

Plant Electric Motors, kW 

Plant Steam or Expansion Turbine 
Drives, equivalent kW 

Process Cooling Water, gprn 

Turbine Driver Condenser Cooling 

Made in Gasifier 

2 6  

mol/ir , 

Water, gpm 

Power Plant Cooling Water, gpm 

Plant Raw Water Required, gpm 

Product Gas Heating Value, 
lo9 Btu/day 

Btu/SCF 
Product Gas Heating .Value, 

High-Btu Gas 
HYGAS U-GAS ~- 

1,165 335 
1,000-1,850 1,700-1,900 

13,288 

51 
1,020 

45,248 
10,246 
26,723 

12,685 
25,863 
101,814 
46,602 

55,212 
36,610 

29,090 
31, 810 

4,275 

241.5 

961 

* 
t 

Methanation unnecessary for low-Btu gas. 

Expansion turbine. 

79 

6,121 

24 
-- 

80,635 
24,063 
40,258 
19,710 
25,823 
238,172 
52,523 

185,649 
82,662 

113,305 
31,265 
8,223 

Low-Btu Gas 
U-GAS 

335 
1,700-1,900 

5,038 

100" 
-- 

66,363 
-- 

3,477 
-- 

4,931 
138,107 
53,196 

4,374 
44,572 

t 

-- 
31,225 
3,115 

242.3 238.8 

937 320 
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b pressure for the U-GAS reactor. 
multistage hydrogasification reaction, HYGAS produces more methane in the reactor: 
13,288 mol/hr of CH4 and 1,020 mol/hr of ethane as compared with 6,121 mol/hr of 
methane for U-GAS. The amount of methane in the product gas is about the same 
(25,800 mol/hr) for both designs. However, the U-GAS reactor makes only 24% of this 
total as compared with 51% by the HYGAS reactor. 
output of methane, a U-GAS system requires more synthesis gas, hence more oxygen, 
and bigger CO shift, acid-gas removal, and methanation sections. The comparable 
quantities of CO shifted, acid-gas removed, and methane made in the methanator for 
both the HYGAS and U-GAS designs are shown in Table 6. 

Because of the higher operating pressure and the 

To achieve the same total plant 

Table 6 also indicates the substantially higher power, cooling water, and raw 
water requirements for the U-GAS design due to the higher oxygen usage and to the 
power requirement for product gas compression to 1000 psig. 

Table 7 presents a comparison of overall energy balances and process effici- 
encies. SNG via the U-GAS Process requires about 20% more plant coal, and the coal- 
to-pipeline gas efficiency is 58.2% versus 70% for the HYGAS system. 
HYGAS has 4.0% of the feed coal HHV converted to by-products, whereas the U-GAS 
system has only 0.2% converted, raising the HYGAS plant efficiency. 
system has considerably more heat dissipated to cooling media: 
million Btu/hr, o r  31.8% VS. 17.2% of plant coal feed. 
to cooling water is less than half that for the U-GAS system. This is primarily 
due to the very large difference in the amount of cooling necessary f o r  the con- 
densers on the plant turbine drivers, 84,215 gpm. The difference in process cooling, 
while significant, is relatively minor by comparison. Overall efficiencies (coal to 
all products) are 74.0% for HYGAS and 58.4% for U-GAS. 

LOW-Btu GAS BY THE U-GAS PROCESS 

In addition, 

The U-GAS 
5504 VS. 2471 

The HYGAS system heat l o s s  

Figure 3 shows the flow diagram f o r  producing low-Etu gas by the U-GAS Process, 
an appropriate application for this process, and the process flow streams are given 
in Table 8. The results are more favorable than in the SNG application and are 
shown in Tables 5, 6, and 7. To put this plant on a comparable basis with the other 
plants in this study, the same product fuel value output rate was used for all three. 
When making low-Btu instead of high-Btu gas with the U-GAS reactor, the process coal 
feed is reduced to 15,193 tons/day of Montana subbituminous coal, and the plant 
produces 239 billion Btu/day of 320 Btu/SCF fuel gas. 

For the low-Btu !-GAS reactor process, coal is dried to 10% moisture and ground 
to 1/4 in. X 0. Lockhoppers introduce the coal to the gasifier. Simultaneous with 
gasification, ash is removed from the fluidized bed by an ash-agglomerating tech- 
nique, and fines elutriated from the bed returned throughcyclones. The gasifier 
requires 551,724 lb/hr of steam and 6,573 tons/day of oxygen. 
315°F in a waste heat boiler and is water-scrubbed in a venturi scrubber for dust 
removal. 

Raw gas is cooled to 

Some adiabatic humidification occurs in the scrubber that cools the gas to 
293°F. Prior to H S removal, the gas is cooled to 100"F, and the condensed water is 
sent to waste-water treating facilities and used as cooling tower makeup. 

2 

The hydrogen sulfide in the raw gas is removed by the Selexol Process. Besides 
hydrogen sulfide, a small amount of carbonyl sulfide is produced in the gasifier, 
and this compound is also partly removed by the Selexol Process. The total sulfur 
present in the clean gas is reduced to about 70 ppm. Together with hydrogen sulfide, 
the process removes about 24% of the carbon dioxide present in the raw gas. The 
H S-CO mixture from the Selexol unit is sent to a Stretford unit where 68 long tons/ 
day of sulfur is recovered. 2 2  The clean desulfurized gas from the Selexol absorber 
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is heated to 700°F and then expanded in a power recovery turbine. Most of this energy 
(108,000 hp) is used to drive the oxygen plant air compressors, which are coupled to 
the expander shaft; also, 5,866 kW of electricity is generated and used to drive plant 
motors. The expanded gas is cooled to lOOOF and sent to boilers. 

COMPARISON OF HIGH-Btu (HYGAS) AND LOW-Btu (U-GAS) PROCESSES 

Both the HYGAS and the U-GAS Processes provide alternative energy sources 
through coal conversion techniques. 
specifically designed for the form of energy product desired. The SNG from HYGAS is 
f o r  the higher valued pipeline gas, while the low-Btu gas from U-GAS is designed for 
use as industrial boiler fuel for process steam generation or for combined gas turbine- 
steam turbine power cycles. 

The process differences result because each is 

The U-GAS system is simpler than the HYGAS system because it requires no equip- 
ment to produce methane o r  remove liquid hydrocarbons. For example, the U-GAS Procpqs 
does not require CO conversion, benzene recovery, r:ethanation, or CO removal (the 
mGAS Process uses the hot carbonate system, which removes COz, and $he U-GAS Process 
uses Selexol, which minimizes CO removal). 

2 

The gasifier inputs, process quantities, energy balances, and process effici- 
encies are presented in Tables 5 ,  6, and 7 for the high- and low-Btu gas 
Both plants have boilers for steam and/or power generation. 

processes. 

Table 5 presents coal, gasifier steam, and oxygen requirements. The HYGAS re- 
actor requires 5% more coal than the U-GAS reactor, but the total coal needed, in- 
cluding fuel coal, is 16% more for the HYGAS Process. Fuel coal for U-GAS is less 
than half that f o r  HYGAS because of the large amount of power recovered by expanding 
the product gas down to 10 psig. The U-GAS oxygen requirement is 6,573 tons/day, 
which is over twice the HYGAS requirement. This disadvantage in oxyzen plant costs 
and utilities is more than compensated for by the much simpler product upgrading 
when making low-Btu gas. 
reactor, and HYGAS also requires about 960,000 lb/hr of CO-shift steam. 

The HYGAS reactor requires 80% more steam than the U-GAS 

In Table 6 process quantities for the two processes are compared. Plant power 
required is about 38%-more for the U-GAS system because of the larger oxygen plant. 
The HYGAS total cooling water requirement is about 29% more than for U-GAS and the 
raw water requirement f o r  HYGAS is 37% more than for U-GAS. Acid-gas removal for 
HYGAS is 26,723 mol/hr and only 3,477 mol/hr for U-GAS. 
for low-Btu gas is 80.8% compared with 74% for the high-Btu gas (HYGAS) (Table 7). 

The overall plant efficiency 

COMPARISON OF PROCESS ECONOMICS FOR COAL TO HIGH- AND LOW-Btu GAS USING 
HYGAS AND U-GAS PROCESSES 

Capital and annual operating costs for high- acd low-Btu gas processes are esti- 
mated on a comparable basis in mid-1976 dollars and are given in Tables 9 and 10. 
These costs do not include stack-gas cleanup because sulfur in the Montana coal is 
low enough to meet the emission specifications of 1.2 Ib SO /million Btu of solid 

2 fuel burned. If the standards change in the future, stack-gas cleanup may be re- 
quired. 
financing method of the Supply-Technical Advisory Task Force - Synthetic Gas-Coal 
for the FPC National Gas Survey, 
Table 11. 

The annual operating costs and returns on investment are based on the utility 

The basic assumptions of this'method are given in 
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Table 9. GAPITAL INVESTMENT SUMMARY FOR NOMINAL 
240 X 1 0  Btu/DAY HIGH- AND LOW-Btu GAS FROM 

MONTANA SUBBITUMINOUS COAL 
(Mid-1976 Costs)  

High-Btu Gas Low-Btu Gas 

Sec t ion  

Coal Storage - Reclaiming 
Coal Grinding and Drying 
Coal-Water S l u r r y  Feed System 

Slur ry  Feed Prehea t  (F i red  Heater)  
G a s i f i e r s  
Char Residue and P l a n t  Ash Disposal  
G a s i f i e r  E f f l u e n t  Dust Removal System 
Carbon Monoxide Conversion 
Benzene Recovery 
P r e p u r i f i c a t i o n  (Hot K2CO3, Bulk, 

Act ivated Carbon, Zinc  Oxide - 
Selexol  f o r  U-GAS Low-Btu G a s  Case) 

(Lock Hoppers f o r  U-GAS) 

SYN Gas Compressors o r  Expander 
Methanation, Drying, and  Product  

Process  Waste-Heat Recovery 
High-pressure Oxygen Supply 
Process and Turbine Steam Generat ion 
Turbogenerator 
E l e c t r i c  Power D i s t r i b u t i o n  
Cooling and P l a n t  Makeup Water 
Sul fur  Recovery - S t r e t f o r d  
Waste- Wa t er Treatment 
Par t iculate-Emission Cont ro l  
Miscellaneous 
General F a c i l i t i e s  

Gas Compression 

I n s t a l l e d  P l a n t  Cos t ,  
Excluding Cont ingencies  

Contingencies a t  15% 

Cont rac tor ' s  Overhead and P r o f i t s  

T o t a l  P l a n t  Investment  (I) 

Tota l  Bare Cost 

(15%) 

I n t e r e s t  During Cons t ruc t ion  
(9% X 1.875 y e a r s  X I) 

Star t -up Cost (5% of T o t a l  P l a n t  
Investment) 

Working Capi ta l :  60 days '  c o a l  a t  
f u l l  rate 

0.9% of T o t a l  P lan t  
Investment 

HYGAS U-GAS U-GAS 

$lo6  

5 .0  
13 .7  

11.1 
4.5 

43.0 
2.4 
3.8 

11.2 
5.6 

46.6 _ _  
15.2 
14.2 
45.0 
6 9 . 1  

7.7 
7.7 
4.9 

16.0 
13 .1  

3.8 
1 7 . 2  

43.3 

404.1 

60.6 
464.7 

69.7 
534.4 

90.2 

26.7 

1 0 . 4  

4 .8  
1 /24  X Annual Revenue 

Required 7 .3  

T o t a l  C a p i t a l  Required 673.8 

* Expander. 
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6.0 
14 .3  

4.0 

22.3 
2.8 
4.5 

10.0 

-- 

-_ 

50.6 
12.0 

37.3 
5.1 

109.0 
84.6 

7.4 
8 . 7  
8 .5  

19.0 
3.0 
4.5 

20.7 
47.1 

482.0 

72.3 
554.3 

83.1 
637.4 

107.6 

31.9 

12.5 

5.7 

9.4 

804.5 

4 . 3  
11.8 

3.3 

18.4 
2.3 
4.0 

_ _  

-_ 
_ _  

19.6 
13.7* 

-- 
15.7 
89.6 
28.4 

7.6 
9.5 
3.1 

16.8 
6.5 
3.2 

12.9 
32.5 

303.2 

45.5 
348.7 

52.3 
401.0 

67.7 

20.1 

8.9 

3.7 

6.1 

507.5 



Table 10. ANNUAL OPERATING COSTS FOR NOMINAL 
240 X l o 9  Btu/DAY HIGH- AND LOW-Btu GAS PLANTS 

USING MONTANA SUBBITUMINOUS COAL 
(90% P l a n t  Serv ice  Fac tor  - Timing: Mid-1976) 

Operat ing Cost Component 

High-Btu Gas Low-Btu Cas 

HYGAS U-GAS U-GAS - 
$1000 

Coal Feed, 50$/106 Btu* 56,641 
Catalysts. Chemicals and Other Di rec t  Materials 3,195 

~I 

Raw Water Cost, 45c/1000 g a l  

Labor 
Process  Operat ing Labor ( for  high-Btu gas ,  58 

men/sh i f t  f o r  HYGAS and 60 men/sh i f t  f o r  
U-GAS; 33 men/shif t  f o r  U-GAS t o  low-Btu 
gas;  a t  $7.20/hr  and 8,760 man-hr/year) 

Investment p l u s  Lockhopper Maintenance 
Labor f o r  U-GAS) 

Supervis ion (15% of Operat ing and Maintenance 
Labor) 

Adminis t ra t ion and General  Overhead (60% 
of T o t a l  Labor, Inc luding  Supervis ion)  

Maintenance Labor (1.5% of Tota l  P l a n t  

Suppl ies  
Operat ing (30% of Process  Operat ing Labor) 
Maintenance (1.5% of T o t a l  P lan t  Investment 

p l u s  Lockhopper Maintenance Suppl ies  f o r  
U-GAS) 

Local  Taxes and Insurance  (2.7% of T o t a l  P l a n t  
Inves t  men t ) 

T o t a l  Gross Operat ing Cost 

By-product C r e d i t s  
S u l f u r  a t  $lO/long ton 
Ammonia a t  $50/ ton 
Light  O i l  (B-T-X) a t  35C/gal 

Net Operat ing Cost 

Tota l  

Deprec ia t ion  (20 y e a r s  P l a n t  L i f e ,  
S t r a i g h t - l i n e )  

Return on Rate Base 
Federa l  Income Tax 

Annual Gas Product ion,  l o 9  Btu 
20-Year Average Gas P r i c e ,  $ / lo6  Btu' 

t 20-Year Average Annual Revenue Required 

909 

3,659 

8,016 

1 ,751  

8,056 

1,098 

8,016 

14,429 

105,770 

(215) 
(1,138) 
(9,674) 

(11,027) 

94,743 

32,565 
36,556 
12,052 

175,916 

79,333 
2.22 

68,353 
5,236 
1 ,749  

3,784 

9 ,661  

2,017 

9,277 

1,135 

9,661 

17,210 

128,083 

(267) 
-- 
-- 

(267) 

127,816 

38,845 
43,685 
14,402 

224,748 

79,596 
2.82 

48,653 
84 7 
6 70  

2,081 

6,115 

1,229 

5,655 

624 

6,115 

10,827 

82,816 
___ 

(223) -- 
-- 

(223) 

82,593 

24,440 
27,626 

9,107 
143,766 

78,446 
1 .83  

* 
This  i s  a nominal c o a l  c o s t  and i s  not  t o  be i n t e r p r e t e d  as an IGT recommendation. 
Depending on mine ownership and c a p i t a l  charges ,  p r i c e s  could be i n  the  40 t o  50 
$ / lo6  Btu range. 
as a v a r i a b l e  i n  F igure  5 .  

To avoid e s t a b l i s h i n g  a c o a l  c o s t ,  i t s  e f f e c t  has  been shown 

t 
Calculated by t h e  U t i l i t y  Financing Method (Table 11) .  

85 



3 
m 
m 
rl 0 

0 

+ 

m m d 

d 

0 
+ 
z 

0 0  

111: 
P 

U 

2 
U 
m 
2 
d 

n 

u 
C 

d a 
d 

U 

0 U 

X 

* (0 

Y 

m x 

VI P- 

m 
m 
rl 

x 

I1 

3 U 
m 

m $4 

m 
h m 

U 
.rl w 
0 

a 

0 
0 
d . 
,n C 

.r( u m 
4 
Y a 
(0 

M 

m 
M 

$4 

% 
Y 

m 
h 

0 N 

V 

4 

m 
m 
h 

86 



High-Btu Gas Using HYGAS and U-GAS 

The c a p i t a l  r e q u i r e d  f o r  t h e  HYGAS and t h e  u-GAS p l a n t s  f o r  producing high-Btu 
gas are $674 m i l l i o n  and $805 m i l l i o n  (Table 9 ) .  Major i t e m s  i n  both p l a n t s  a r e  
g a s i f i c a t i o n  r e a c t o r s ,  p u r i f i c a t i o n ,  oxygen supply,  and o f f s i t e s .  The HYGAS r e a c t o r  
system Costs more than  t h e  U-GAS r e a c t o r  system because of its g r e a t e r  s i z e ,  com- 
p l e x i t y ,  and t h e  much h igher  opera t ing  p r e s s u r e  requi red .  However, because o f  t h e  
much higher  c o s t s  f o r  oxygen supply,  methanat ion,  s y n t h e s i s  and product  gas compres- 
s i o n ,  and steam genera t ion  f o r  t h e  s impler  U-GAS r e a c t o r ,  t o t a l  c a p i t a l  investment  
f o r  t h e  U-GAS Process  is $131 m i l l i o n  more than  f o r  t h e  HYGAS Process .  

The c a l c u l a t e d  20-year average g a s  p r i c e  o f  $2.82/106 Btu wheg a U-GAS r e a c t o r  
i s  used f o r  SNG i s  s b s t a n t i a l l y  h igher  than t h e  p r i c e  of $2.22/10 Btu f o r  t h e  HYGAS 
Process  f o r  $0.50/10 Btu c o a l  (Table 10).  A p r i v a t e  i n v e s t o r  f inanc ing  method 
(DCF) w a s  a l s o  developed by t h e  FPC t a s k  f o r c e  comprising 100% e q u i t y  c a p i t a l ,  25- 
year  p r o j e c t  l i f e ,  16-year sum-of-the-year's d i g i t s  d e p r e c i a t i o n ,  a n t  12% DCF r a t e  
of  r e t u r n .  With t h i s  method, t h e  gas  p r i c e s  a r e  $3.63 and $2.89/10 Btu f o r  the  
U-GAS and t h e  HYGAS Processes .  Use of the  U-GAC r e a c t o r  g i v e s  a h i g h e r  p r i c e  be- 
cause of l w e r  conversion e f f i c i e n c y  and high r p l a n t  cos t .  This  p l a n t  r e q u i r e s  
$11.7 X 10 more c o a l  and produces $10.8 X 10 fewer by-products compared with t h e  
HYGAS plan t .  The by-products of 65.3 long tons/day s u l f u r ,  69.3 tons/day ammonia, 
a n i  84,144 gal /day l i g h t  o i l  (B-T-X) reduce t h e  HYGAS 
1 0  Btu a t  t h e  u n i t  va lues  of  $lO/long ton s u l f u r ,  $50/ton ammonia, and $0.35/gal  
f o r  t h e  l i g h t  o i l .  
wi th  n e g l i g i b l e  e f f e c t  on  gas  p r i c e .  

I: 

8 % 

gas p r i c e  by about  $0.141 

There a r e  81.4 l o n g  tons/day of  s u l f u r  by-product f o r  U-GAS 

Low-Btu Gas by t h e  U-GAS Process  and I ts  Comparison t o  High-Btu G a s  by t h e  
HYGAS Process  

Table 9 a l s o  shows a t o t a l  c a p i t a l  investment of $674 m i l l i o n  f o r  t h e  HYGAS 
high-Btu p l a n t  and $508 m i l l i o n  f o r  t h e  U-GAS low-Btu p l a n t .  The U-GAS oxygen 
supply c o s t s  $90 m i l l i o n ,  twice t h a t  f o r  HYGAS. However, a l l  o ther  a s p e c t s  f o r  
low-Btu gas - c o a l  feeding ,  g a s i f i c a t i o n ,  product  upgrading, and o f f s i t e s  - c o s t  
much less. 

Table 1 0  p r e s e n t s  annual  o p e r a t i n g  c o s t s ,  20-year average annual  revenue re -  
qu i red ,  and gas p r i c e .  HYGAS c o a l  c o s t s  a r e  $8 mi l l ion /year  more than  f o r  low-Btu 
U-GAS; c a t a l y s t  and chemical c o s t s  a r e  $2.3 m i l l i o d y e a r  more f o r  HYGAS. The U-GAS 
system requi res  25 m e d s h i f t  fewer i n  o p e r a t i n g  labor  than t h e  HYGAS system. 
Capi ta l - re la ted  c o s t s  a r e  about $8 m i l l i o n  more f o r  t h e  HYGAS system. The higher  
HYGAS c o s t s  a r e  somewhat o f f s e t  by t h e  $11 m i l l i o n  h igher  by-product c r e d i t .  The 
t o t a l  n e t  d i f f e r e n c e  i n  n e t  o p e r a t i o n  c o s t 2  i s  $12 mi l l ion .  
t a l  and opera t ing  cos  s l e a d  t o  a $0.39/10 Btu h igher  gas p r i c e  f o r  HYGAS (HYGAS 

The h i g h e r  HYGAS capi -  

$2.22, U-GAS $1.83/10 6 Btu). 

I f  gas p r i c e  &s c a l c u l a t e d  using t h e  DCF method descr ibed  a ove,  t h e  U-GAS k p r i c e  i s  $2.34/10 Btu compared with high-Btu gas  a t  $2.89/10 Btu. 

Comparison of High- and Low-Btu Gas P r i c e  S e n s i t i v i t i e s  

Figure 4 shows the  e f f e c t  of  v a r i a t i o n s  i n  p l a n t  c o s t  on t h e  20-year average 
gas p r i c e .  The e f f e c t  of v a r i a t i o n s  i n  both i n s t a l l e d  equipment c o s t  and t o t a l  
c a p i t a l  cos t  are shown. An increase  of  about 67% i s  added t o  t h e  i n s t a l l e d  equip- 
ment c o s t  by t h e  v a r i o u s  f a c t o r s  used t o  a r r i v e  a t  t o t a l  c a p i t a l  requi red .  For a 
change of  $ 1  m i l l i o n  i n  i n s t a l l e d  equipment c o s t ,  t h e  gas p r i c e  v a r i e s  by 0.36C/10 
B t u ;  f o r  a similar change i n  t o t a l  c a p i t a l  r e q u i r e d ,  t h e  gas  p r i c e  changes by 

6 
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0.22c/106 Btu, when t h e  u t i l i t y  f inanc ing  method is gsed. Fdr t h e  p r i v a t e  i n v e s t o r  
f inanc ing  method, t h e  numbers a r e  0 . 5 3 ~  and 0.31~/10 Btu. These s e n s i t i v i t y  f a c t o r s  
apply t o  a l l  t h r e e  processes .  

F igure  5 shows t h e  e f f e c t  of varying coa l  c o s t s  on  t h e  gas  p r i c e .  For high-Btu 
gas ,  t h e  s e n s i t i v i t y  i s  1.5c change i n  gas p r i c e  per  1c change i n  c o a l  c o s t  f o r  the  
HYGAS Process .  Because of t h e  lower e f f i c i e n c y ,  t h e  s e n s i t i v i t y  f o r  t h e  U-GAS t o  
SNG process  i s  1.8~ change i n  gas  p r i c e  p e r  1C change i n  c o a l  c o s t .  The s e n s i t i v i t y  
f o r  t h e  U-GAS t o  low-Btu g a s  process  i s  1.2C change i n  gas  p r i c e  p e r  1~ change i n  
c o a l  c o s t .  

CONCLUSIONS 

The manufacture of p i p e l i n e - q u a l i t y  gas  by t h e  HYGAS Process  shows a d e f i n i t e  
advantage over i t s  manufacture  by a s ingle-s tage ,  lower p r e s s u r e  system. Although 
t h e  h y d r o g a s i f i e r  i s  more complex and opera tes  at a much h igher  pressure  than t h e  
U-GAS r e a c t o r  (1165 vs.  335 p s i g ) ,  a much g r e a t e r  amount of methane is made i n  the  
HYGAS r e a c t o r .  This g i v e s  l a r g e  sav ings  i n  coa l ,  oxygen, and upgrading c o s t s ,  re-  
s u l t i n g  i n  a lower gas  p r i c e  and h igher  e f f i c i e n c y .  

When a low-Btu f u e l  g a s  of low methane content  is s a t i s f a c t o r y ,  t h e  s impler ,  
low-pressure U-GAS Process  shows economic and e f f i c i e n c y  advantages. 

The r e s u l t s  a r e  summarized below: 

High-Btu Gas Low-Btu Gas 

HYGAS U-GAS U-GAS 

Tot 1 c a p i t a l  r e q u i r e d ,  674.0 805.0 508.0 
$10' (mid-1976) 

6 
Gas p r i c e ,  $/lo Btu,  
u t i l i t y  f inanc ing  

2.22 2.82 1.83 

Overal l  thermal  e f f i c i e n c y , %  74.0 58.2 80.8 
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F i g u r e  5. E F F E C T  O F  C O A L  COST ON GAS P R I C E  F O R  HIGH- AND 
L O W - B t u  GAS FROM MONTANA SUBBITUMINOUS COAL 
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COMPARATIVE ECONOMICS OF THE CITIES SERVICE CS-SRT PROCESS WITH THE LURGI PROCESS. 
C h r i s  J. La D e l f a ,  C i t i e s  S e r v i c e  Co.,  Box 300 T u l a s ,  O K  74102 and Marvin I. Greene, 

C i t i e s  S e r v i c e  Resea rch  6 Development Co., P .O.  Drawer #7, Cranbury,  N J  98512. 

C i t i e s  S e r v i c e  Research and Development Company, t h e  r e s e a r c h  arm o f  t h e  C i t i e s  
S e r v i c e  Company, h a s  been d e v e l o p i n g  a p r o c e s s ,  The CS-SRT P r o c e s s ,  f o r  t h e  n o n - c a t a l y t i c ,  
vapor  phase ,  hydrogena t ion  o f  ca rbonaceous  f e e d s t o c k s .  The i n i t i a l  and p r imary  emphasis 
i n  ou r  Energy Research L a b o r a t o r y  w a s  t o  a p p l y  t h i s  technology t o  c o n v e r t  c o a l  i n t o  pipe-  
l i n e  q u a l i t y  gas and a t t r a c t i v e  by-produces y i e l d s  of l i g h t  a r o m a t i c  (BTX) l i q u i d s .  De- 
t a i l s  o f  t h e  e n g i n e e r i n g  development  o f  t h i s  p r o c e s s  are r e p o r t e d  i n  a n o t h e r  pape r  a t  
t h i s  mee t ing .  

a r o m a t i c  l i q u i d s  h a s  been g e n e r a t e d .  The d e s i g n  w a s  based  on d a t a  o b t a i n e d  from p rocess -  
i n g  a North Dakota l i g n i t e  in t h e  bench-scale  u n i t .  The d e s i g n  w a s  based  on in-house 
s t u d i e s  and on  a n  e n g i n e e r i n g  s t u d y  performed f o r  C i t i e s  S e r v i c e  by t h e  F o s t e r  Wheeler 
Energy Corpora t ion .  

A g r a s s - r o o t s  c o a l  c o n v e r s i o n  p l a n t  was des igned  f o r  a North Dakota-Montana p l a n t  
s i t e .  On-s i t e  p o w e r  g e n e r a t i o n  w a s  i n c l u d e d ,  so t h a t ,  o t h e r  t h a n  c o a l  f e e d ,  o n l y  raw 
wa te r  and consumptive c h e m i c a l s  must  b e  s u p p l i e d .  D&E c a p i t a l  i nves tmen t  c o s t s  were 
g e n e r a t e d  based on f o u r t h  q u a r t e r  1 9 7 6  c o s t s .  A d i s c o u n t e d  c a s h  f low a n a l y s i s  w a s  pe r -  
formed t o  de t e rmine  t h e  c o s t  o f  s e r v i c e s  f o r  p roduc ing  p i p e l i n e  g a s .  The r e s u l t s  of t h e  
s t u d y  were compared to a c o n c e p t u a l  p l a n t  d e s i g n  f o r  p roduc ing  p i p e l i n e  q u a l i t y  g a s  by 
t h e  L u r g i  P rocess .  

A c o n c e p t u a l  p l a n t  d e s i g n  fo r  p roduc ing  250 MM SCFD of p i p e l i n e  g a s  and 6300 BPD of  
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ECONOMICS OF PRODUCING METHANOL FROM COAL 
BY ENTRAINED AND FLUIDIZED-BED GASIFIERS 

William C .  Morel and Yong Ja i  Yim 

U . S .  Department of the In t e r io r ,  Bureau of Mines 
Process Evaluation Office--MMRO 

P.O.  Box 880 
Morgantown, West Virginia 26505 

Methanol i s  one of several l iqu id  fue l s  being considered a s  a supplement t o  
help a l l ev ia t e  increasing gasoline requirements, the anticipated curtailment of the 
ava i l ab i l i t y  of domestic crude o i l  and natural gas, and the s t ead i ly  increasing 
cos t  of foreign crude. 
lower a i r  requirement f o r  combustion, so some modifications will  be required i n  the 
carburetor design. 
taining about 10 percent methanol. Coal i s  being considered as a n  a l t e rna t ive  raw 
material for  the production of methanol owing t o  the apparent depletion of natural 
gas supplies. 

An economic evaluation of methanol production from coal synthesis gas based 
on a 5,000-ton-per-day capacity i s  presented. Two coal gas i f ica t ion  systems a r e  
considered--entrained and Synthane ( a  fluid-bed process).  
diagram showing major un i t s  in these two processes. 
January 1976 cos t  indexes. Average se l l i ng  prices of the gas were determined by 
using DCF ra tes  of 12, 15, and 20 percent a t  various coal cos ts .  
fac tors  a re  included during the l i f e  of the p lan t .  
t ions have been incorporated. Some of the economic and technical de t a i l s  a re  
included for  the two systems. 

Methanol has one-half the  heating value of gasoline and a 

Present-day carburetors can operate with a gasoline fuel con- 

Figure 1 i s  a block 

No inf la t ion  

The estimates a re  based on 

Pollution abatement considera- 

ENTRAINED GASIFICATION 

In th i s  system methanol i s  produced from synthesis gas prepared by entrained 
Figure 2 i s  a flow dia- 

1 .  Coal preparation, which includes crushing, screening, s iz ing ,  and drying of 

2. Entrained oxygen-coal gas i f ica t ion  a t  30 atmospheres with a 2,400" F ou t le t  

3. A d u s t  removal un i t  removes the entrained dust from the synthesis g a s  w i t h  

gas i f ica t ion  of Pittsburgh seam coal a t  30 atmospheres. ( 1 )  
gram of the process and includes the following s teps :  

the run-of-mine coal (not s h o w n  on figure 2 ) .  

gas temperature. 

cyclone separators,before i t  en ters  the waste heat recovery uni t  where steam required 
in the gas i f ica t ion  and s h i f t  conversion uni t s  i s  produced. 
flows t h r o u g h  an e l e c t r o s t a t i c  prec ip i ta tor  f o r  residual d u s t  removal. 

Sh i f t  conversion of the clean synthesis gas t o  a H2:CO r a t i o  o f  2.3:l in the 
presence of su l fur - res i s tan t  ca t a lys t .  
purification uni t  i s  produced in the  heat recovery system following the s h i f t  con- 
ver te rs .  

The hot-carbonate pur i f ica t ion  u n i t ,  which reduces the COP content t o  2.8 
percent and removes e s sen t i a l ly  a l l  of the H2S and COS. ( 2 )  
for  removal of residual su l fu r  compounds. 

6 .  The low-pressure methanol synthesis system, operating a t  570" F and 1,470 
psia and u t i l i z ing  a copper-based ca t a lys t .  

I t  i s  assumed tha t  approximately 15 percent of the to ta l  H2 and CO entering the 
converte'r i s  synthesized t o  methanol. The design of the converters was based on a 
gas space velocity of 10,000 v / v / h .  ( 3 )  The thermal e f f ic iency  of the plant i s  46.5 
percent, based on a gross heating,value of coal a t  13,400 B t u  per pound and methanol 
a t  10,259 B t u  per pound. 

Gasifier volume was based on a 2.5-second gas  residence time. 

The cooled gas then 

4. 
The 50-psig saturated steam required i n  the 

5. 
C h a r  towers a re  provided 
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SYNTHANE GASIFICATION 

The synthesis gas i s  produced by f lu id ized  gas i f ica t ion  of P i t t s b u r g h  seam coal 
a t  68 atmospheres. (4 )  
the following s teps :  

1 .  Coal preparation, which includes crushing, screening, s iz ing ,  and drying of 
the run-of-mine coal ( n o t  shown on f igure  3 ) .  

2. Coal pretreatment i n  the top section of gas i f ica t ion  un i t  t o  destroy caking 
properties.  

3.  Free-fall carbonization plus steam-oxygen gas i f ica t ion  of the pretreated 
coal in a fluidized bed. 

4. Entrained char removal in cyclone separators and t a r  removal by water scrub- 
bing. 

5. The f i r s t  hot-carbonate pur i f ica t ion  u n i t ,  which reduces the  CO2 content t o  
1 percent and removes e s sen t i a l ly  a l l  the H2S and COS. Char towers a re  provided for  
removal of residual su l fu r  compounds. 

A steam-methane reformer un i t ,  which converts about 95 percent of the CH4 
t o  CO and Hp to  decrease the amount of purge gas from the  methanol synthesis un i t  in 
addition t o  producing H2 f o r  synthesis.  

A reverse s h i f t  conversion un i t ,  which reduces the H2:CO r a t i o  of the re- 
former gas product from 4.3:l  t o  2 .3 : l .  
by off gas from the pur i f ica t ion  system. 

8. A second hot carbonate pur i f ica t ion  un i t  which se lec t ive ly  reduces the C02 
content t o  2.8 percent. 
water vapor, i s  cooled and compressed t o  meet C02 requirements of the  reverse s h i f t  
converters.  

9. The methanol synthes is  un i t  which operates a t  the same conditions as the 
other case. 

The gas i f i e r s  a r e  designed t o  operate a t  a pressure of 1,000 psia and a t  a 
maximum temperature of 1,800" F with coal throughput o f  580 pounds per hour per 
square foot o f  cross-sectional area.  The assumptions f o r  the methanol synthesis 
a r e  the same as those used in  the  entrained gas i f ica t ion  system. The thermal 
e f f ic iency  o f  the plant i s  41.6 percent, based on a gross heating value o f  13,400 
B t u  per pound of coal and gross heating values of methanol and byproduct t a r  of 
10,259 B t u  per pound and 130,000 B t u  per gallon, respectively.  

Figure 3 i s  a flow diagram of the process and includes 

6. 

7. 
C02 requirement f o r  the  reaction i s  supplied 

Off gas from the regenerator,  namely COP saturated with 

CAPITAL INVESTMEN7 

The t o t a l  investment i s  estimated t o  be $331.7 mill ion fo r  the entrained gasi-  
f i ca t ion  system, or $252.7 mi l l ion  lower than f o r  the  Synthane gas i f ica t ion  system. 

Table 1 i s  a cap i ta l  requirement comparison of the two systems, and figure 4 
shows the d is t r ibu t ion  of cap i t a l  requirement f o r  major processes. Detailed cos t  
summaries o f  the major processing uni t s  a r e  not included, but the cos ts  of the 
individual units are l i s t e d .  General f a c i l i t i e s  include administrative buildings, 
shops, warehouses, ra i l road  spurs, ro l l ing  stock, roads, waste water treatment, and 
fences. The cos t  of steam and power d i s t r ibu t ion ,  cooling water towers, plant and 
instrument a i r ,  f i r e  pro tec t ion ,  and san i ta ry  water a r e  included in plant u t i l i t i e s .  

OPERATING COST 

Table 2 presents the  estimated operating cos t  comparison f o r  the entrained and 
Synthane gasification systems. 
days for  downtime, two 10-day shutdowns for  equipment inspection and maintenance, 
and 15 days fo r  unscheduled operational in te r rupt ions .  With labor a t  $6 per hour, 
payroll overhead a t  30 percent of payroll ,  and depreciation a t  5 percent of the 
subtotal  for  depreciation allowing c red i t  f o r  su l fur  recovered a t  $25 per t o n ,  and 
w i t h  the  cost of coal as  a var iab le ,  the following operating cos ts  a r e  derived: 

An assumed 90-percent operating fac tor  allows 35 
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cos t  o f  
coal 

per t o n  
$1 1 

13 
15 

Per year, MM Per g a l l o n  Per MMBtu 
En t ra ined  Synthane Entra ined Synthane En t ra ined  Synthane 

$77.7 $116.6 $0.15 $0.23 $2.25 $3.44 
82.8 122.7 .16 .35 2.38 3.63 
87.8 128.9 .17 .26 2.50 3.81 

cost  o f  
coal 

per ton  

3.84 6.35 4.43 7.23 5.46 9.15 
3.98 6.49 4.57 7.46 5.61 
4.13 6.64 4.72 7.67 5.76 9.44 

Methanol s e l l i n g  p r i c e  

En t ra ined  I Synthane I En t ra ined  I Synthane- I E n t r a i n e d  I Synthane 
12-pCt DCF I 15-pct  DCF I 20-pct  DCF 

The DCF computer program takes i n t o  account t h e  c a p i t a l  expend i tu re  p r i o r  t o  
s t a r t u p  so t h a t  t h e  i n t e r e s t  du r ing  c o n s t r u c t i o n  i s  de le ted  from t h e  c a p i t a l  r e q u i r e -  
ment. Prov is ions a re  made f o r  recovery o f  t h e  work ing c a p i t a l  i n  t h e  20 th  year .  

UNIT COST SUMMARY 

The s e l l i n g  p r i c e  used t o  determine t h e  h igh -cos t  elements i n  t h e  process was 
based on a 15-percent DCF f o r  a 20-year p r o j e c t  l i f e ,  w i t h  coal  a t  $13 p e r  ton. A 
breakdown of t h e  c o s t  elements f o r  t h e  two systems i s  shown i n  t a b l e  3. 
shows the  s e l l i n g  p r i c e  o f  major processes f o r  t h e  two systems. 

F i g u r e  6 

SUMMARY OF COMPARISONS 

As shown i n  t a b l e  1, t h e  t o t a l  investment f o r  t h e  en t ra ined  g a s i f i c a t i o n  system 
i s  $252.7 m i l l i o n ,  o r  43 percent  lower  than f o r  t h e  Synthane system. About 60 p e r -  
c e n t  o f  t he  d i f f e r e n c e  i s  i n  synthes is  gas p repara t i on ,  c o n s i s t i n g  o f  t h e  f l u i d i z e d  
g a s i f i c a t i o n  system and t h e  methane re fo rm ing  u n i t  f o r  conve r t i ng  t h e  methane i n  the 
product  t o  synthes is  gas. 
investment fo r  t h e  Synthane g a s i f i c a t i o n  u n i t  i s  i t s  h ighe r  o p e r a t i n g  pressure; a l s o  
i t  requ i res  more separa t i on  o f  such i m p u r i t i e s  as ammonia, char, and t a r  from t h e  
gas stream. The major  p a r t  o f  t h i s  c a p i t a l  cos t  d i f f e r e n c e  comes f rom t h e  steam- 
methane reforming u n i t  t o  process approx imate ly  35 percent  (d ry  base) o f  methane i n  
t h e  gas stream. Th is  high-temperature re fo rm ing  r e a c t i o n  i s  endothermic and r e q u i r e s  
n o t  o n l y  h igh  c a p i t a l  c o s t  b u t  a l s o  high-temperature steam t o  supp ly  t h e  heat requ i red  
f o r  t h e  reac t i on .  I n  a d d i t i o n  t o  these, t h e  Synthane system r e q u i r e s  e x t r a  processes 
ove r  the  en t ra ined  g a s i f i c a t i o n  system such as a second p u r i f i c a t i o n  s tep  and CO2 
compression. The h ighe r  c a p i t a l  c o s t  o f  t h e  methanol -synthes is  u n i t  f o r  t h e  Synthane 
system, even though both systems have s i m i l a r  feed gas composi t ion and f l o w  r a t e s ,  i s  
due t o  the  h ighe r  compression r a t i o  of t h e  feed gas, 
cos t .  

It i s  apparent t h a t  t h e  reason f o r  t h i s  h igh  c a p i t a l  

r e s u l t i n g  i n  a h i g h e r  compression 
D i f f e rences  i n  c a p i t a l  cos ts  f o r  these two systems a r e  shown i n  f i g u r e  4. 



The opera t i ng  c o s t  f o r  t h e  en t ra ined  g a s i f i c a t i o n  System i s  about 33 percent  l e s s  
Increases i n  maintenance, overhead, than f o r  the Synthane system as shown i n  t a b l e  2. 

and i n d i r e c t  and f i x e d  cos ts ,  which a r e  d i r e c t l y  r e l a t e d  t o  t h e  c a p i t a l  investment, 
rep resen t  the main d i f f e r e n c e .  

The average s e l l i n g  p r i c e  was based on t h r e e  coa l  cos ts  ($11, $13, and $15) and 
t h r e e  DCF r a t e s  o f  r e t u r n  (12, 15, and 20 pe rcen t ) .  
p r i c e  f o r  the en t ra ined  g a s i f i c a t i o n  i s  17 t o  25 cents  per g a l l o n  o f  product  lower 
than f o r  the Syn thane .gas i f i ca t i on ,  o r  $2.51 t o  $3.68 per  MMBtu. 
a 40-percent decrease. 

Over t h i s  range, t h e  s e l l i n g  

Th is  represents  about 

CONCLUSION 

Resul ts  o f  t h i s  s tudy c l e a r l y  i n d i c a t e  t h e  en t ra ined  g a s i f i c a t i o n  system i s  more 
economical than t h e  Synthane f l u i d i z e d  system t o  produce methanol f rom coa l .  The 
commercial a v a i l a b l e  L u r g i  f i xed -bed  g a s i f i c a t i o n  u n i t  w i l l  y i e l d  s i m i l a r  r e s u l t s  
owing t o  the fo rma t ion  o f  methane i n  t h e  p roduc t  as i n  the  f l u i d i z e d  system. One o f  
two a l t e r n a t i v e s  would be  a combinat ion o f  a h igh-Btu gas p l a n t  wi th methanol as i t s  
byproduct. T h i s  would e l i m i n a t e  the  h igh  c o s t  o f  a methane-steam re fo rm ing  u n i t ,  
b u t  i t  would have a l ower  methanol convers ion y i e l d  because t h e  p a r t i a l  pressure o f  
t h e  hydrogen and carbon monoxide i s  reduced by the  h i g h e r  methane con ten t  i n  t h e  gas 
stream p lus  t h e  f a c t  t h a t  t h e  methanol i s  syn thes i zed  on a "once through"  bas i s  wi th-  
o u t  r e c i r c u l a t i o n .  The o t h e r  a l t e r n a t i v e  would be t h e  separa t i on  o f  methane from t h e  
gas stream by a cryogenic  method, b u t  t h i s  i s  a l s o  considered a h i g h - c a p i t a l  process. 
Even though t h e  Synthane coal  g a s i f i c a t i o n  system may n o t  be t h e  most s u i t a b l e  process 
t o  produce methanol f r o m  coal  owing t o  i t s  h i g h  methane content ,  i t  i s  comparable t o  
o t h e r  g a s i f i c a t i o n  systems t h a t  produce h igh-Btu gas. 
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TABLE 1. - C a p i t a l  requi rements:  Comparison o f  en t ra ined g a s i f i c a t i o n  
system w i t h  Synthane q a s i f i c a t i o n  system 

. .  

9,i91 ,400 
42,452,900 

U n i t  
Coal p r e p a r a t i o n  .......... 
Gas i f i  ca t i  on. ............. 
Dust removal .............. 
P u r i f i c a t i o n  No. 1 ........ 
Methane reforming. .  ....... 
Waste heat  recovery  No. 1. 
COP compression.. ......... 
S h i f t  convers ion. .  ........ 
Reverse s h i f t  convers ion. .  
Waste heat  recovery No. 2. 
P u r i f i c a t i o n  No. 2 ........ 
Methanol syn thes is . .  ...... 
Oxygen p l a n t  .............. 
S u l f u r  recovery p l a n t . .  ... 
Waste water  t rea tment . .  ... 
F lue  gas process ing ....... 
Steam and power p l a n t . .  ... 
P1 ant f a c i  1 i t i e s . .  ........ 
P l a n t  u t i l i t i e s  ........... 

T o t a l  c o n s t r u c t i o n . .  . 
I n i t i a l  c a t a l y s t  

requirements ............ 
T o t a l  p l a n t  cos t  

( insurance and t a x  
bases). ............ 

const ruc t ion  ............ 

d e p r e c i a t i o n  ....... 

I n t e r e s t  d u r i n g  

Subto ta l  f o r  

Working c a p i t a l . .  ......... 
T o t a l  investment  ..... 

10;355;400 
12,723,700 
45,595,000 

Ent ra ined I Svnthane 

16,475,200 
23,614,500 

259,759,300 

2,504,700 

8,161,200 45,833,000 

29,068 I 1  00 
41,665,000 

458,315,300 

3,672,100 

2.278.900 I 9.117.000 
24;731 ;ZOO 39; 728;400 

32,462,900 
2,169,100 3.599.000 

1,629,200 

7,852,200 

63,096,600 
47,200,000 

1.100.000 

23; 304; 500 

4,513,900 
10,488,100 
29,244,300 
86,159,500 
22,000,000 

1.130.000 

262,264,000 461,987,400 

39,339,600 69,298,100 

30,160,400 53,128,600 

100 

D i f f e r e n c e  
$-1,820,600 
-37,671,800 

-6.838.100 

-23i304 500 

-29 244 300 
-23,062,900 
+25,200,000 

-30.000 

-1 2,592,900 
-18,050,500 

-1 98,556,000 

-1,167,400 

-1 99,723,400 

-29,958,500 

-229,681,900 

-22,968,200 

-252,650,100 



TABLE 2 . . Annual operatinq cost: Comoarison of 
entrained qasification with Synthane qasification 

Entrained 
lasi fication Cost item 

Direct cost: 

Syn t hane 
gasification Difference 

Raw materials: 
Coal at $11 per ton ... 
Raw water ............. 
Catalyst and chemicals 
Methane ............... 
Subtotal ............ 

Direct labor ............ 
Direct labor supervision 

Subtotal ............ 
Maintenance labor ....... 
Maintenance labor 
supervision ............ 

Maintenance material 
and contracts .......... 

Subtotal ............ 
Payroll overhead ........ 
Operating supplies ...... 

Total direct cost .. 
Indirect cost ............. 
Fixed cost: 
Taxes and insurance ..... 
Depreciation ............ 

Total. before 
credit ............ 

Sulfur credit ........... 
Tar credit .............. 
Ammonia credit .......... 

after credit .... 
Operating cost. 

$33.776. 400 
1.375. 700 
3.109. 700 
233. 400 

8.5.810. 900 
.684. 300 

.1.809. 500 
.go. 200 

$27.965. 500 
691. 400 

1.300. 200 
143. ZOO 

30.100. 300 

2.312. 600 
346. 900 

2.659. 500 

4.845. 000 

969. 000 

7.267. 500 

13.081. 500 

2.542. 100 
2.616. 300 

50.999. 700 

7.342. 900 

5.245. 300 
15.080. 200 

78.668. 100 

994. 100 

77.674. 000 

38.495. 200 .8.394. 900 

2.733. 100 .420. 500 
410. 000 .63. 100 

3.143. 100 .483. 600 

8.550. 000 .3.705. 000 

1.710. 000 .741. 000 

12.825. 000 .5.557. 500 

23.085. 000 .10.003. 500 

4.020. 900 .1.478. 800 
4.617. 000 .2.000. 700 

73.361. 200 .22.361. 500 

12.338. 000 .4.995. 100 

9.239. 800 .3.994. 500 
26.564. 300 .11.484. 100 

121.503. 300 .42.835. 200 

995. 900 +l. 800 

1.744. 400 +1.744.400 
2. 184. zoo +2.184. zoo 

116.578. 800 .38.904. 800 

101 



TABLE 3. - U n i t  c o s t  comparison 

T o t a l  ............... 1 .314 

Cost p e r  g a l l o n  o f  p roduc t  
Process u n i t  En t ra ined  g a s i f i c a t i o n l s y n t h a n e  g a s i f i c a t i o n  

Coal p r e p a r a t i o n  ......... 1 $0.014 1 $0.016 

.505 

G a s i f i c a t i o n  ............. 
Dust removal ............. 
P u r i f i c a t i o n  No. 1 ....... 
Methane reforming.  ....... 
Reverse s h i f t  convers ion.  
S h i f t  conversion.. ....... 
P u r i f i c a t i o n  No. 2 ....... 
Methanol syn thes i s  ....... 
S u l f u r  recovery.. ........ 
Waste water  treatment.. . .  
F lue gas process ing. .  .... 

C02 compression .......... 

.156 

.003 

.036 

.023 

.070 

.001 

.011 

- 

- 

.170 

.015 

.005 

.052 

. l o 3  

.009 

.015 

- 
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riSPHALTl$:BES a K D  PR&SSPHALTEIJES - COLIIOXLCU:!ITS Or' HI< OBIGIIIAL hvb C Q G  

Anna Afarzec, Teresa Krzyianowskz , Danute Bodzek 

P e t r o l e m  2nd Coal C h e - i s t r y  Dpt., P o l i s h  Academy of Sciences 
44-100 Gliwice,  1-go Maja 62 St. ,  Poland 

Asphaltenes a r e  considered t o  be t h e  p r i n c i p l e  i n t e r m e d i a t e s  i n  t h e  
conversion of c o a l  t o  2n o i l  products .  : i e l l e r  /1 /  s t a t e d  That t h e  
c a t a l y t i c  conversion o f  coa l  involves  two consecut ive  first o r d e r  
r e a c t i o n s :  

A t  400°C k 
k, as 10 t L e s  h i g h e r  then k2. 
Liebenberg and l Jo tg l e t e r  /2/ der ived  another  mechanism which i n c l u -  
des  the  fo l lowing  r e a c t i o n s :  

1 /  k2 Coal ---- kl, Aspheltenes ---0 Oil 
was r e p o r t e d  a s  27 t imes h i g h e r  than  k2 and a t  44OoC 

k kl  Coal ---+ i s p h a l t e n e s  ---+ O i l  
k 

k 
Coal ---2, hsphel tenes  2/  

c o a l  --A o i l  3 /  

He t e n t a t i v e l y  determined t h e  sum k +k a t  4OO0C and 44OoC i n  t h e  
conversion of coa l  w i t h  t e t r a l i n  ana n$ c a t a l y s t  added. 
blore r e c e n t l y  Yoschida e t  al .  / 3 /  e s t a b i l i s h e d  t h a t  t h e  mechanism 
f o r  c a t a l y t i c  conversion of  Hokkcido c o a l s  i n c l u d e s  React ion 1 
and 3 .  It is worth t o  emphasize t h a t  according t o  t h e i r  exper i -  
ments k 
upon c o h  type. 
Sternberg e t  al .  /4,5/  have proposed t h a t  preas2hal tenes  a r e  t h e  
in te rmedia tes  between c o a l  and zsphal tenes .  Contrary t o  t h i s ,  
Schweger and Yen /6/ cons idered  t h a t  "preasphal tenes  may a r i s e  
from r e a c t i v e  coa l  depolymerizat ion m o i e t i e s ,  which a r e  . . . repo- 
lymerized i n t o  m a t e r i a l s  more d i f f i c u l t  t o  degrade t h a n  t h e  
o r i g i n a l  c o a l  substance".  
C o l l i n s  e t  al.  /7/ c la im t h a t  "carbon-carbon s c i s s i o n  must be 
considered as an  impor tan t  f a c t o r  i n  a s p h a l t e n e  formabionfl and i n  
preasphal tenes  format ion  8s well .  The s ta tement  has a r r i s e d  from 
t h e i r  experiments based on thermal t rea tment  /over  3OO0C/ of model 
compounds - a r y l a l k a n e s ,  diphenylzlkanes and a r y l  a l k y l  e thers .  
we have found t h a t  a s p h a l t e n e s  and preasphal tenes  a r e  t h e  compo- 
n e n t s  of coa l  e x t r a c t s .  Coals were e x t r a c t e d  a t  ambient tempera- 
t u r e  and p r e c a u t i o n s  i n  a n a l y t i c a l  procedure have been observed. 
Therefore,  t h e  components of  t h e  e x t r a c t  may be considered they  
a r e  the  components of o r i h i n a l  coal .  

i s  cons iderably  h i g h e r  o r  lower t h a n  kl and k2, depending 
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3XPERIMEITTAL 
High v o l a t i l e  A bituminous c o a l  J / v i t r i n i t e  60%, i n e r t i n i t e  33%, 
e x i n i t e  6%/ and hvab c o a l  Vi / v i t r i n i t e  45%, i n e r t i n i t e  45%, 
e x i n i t e  lo%/ have been i n v e s t i g a t e d .  Proximate and u l t i m a t e  
ana lyses  a r e  p re sen ted  /Table l/. 
EXTRA C TIOi t  
Coal samples / <1,4mm/ were e x t r a c t e d  i n  t h e  Soxhle ts  a t  ambient 
temperature f o r  150 hours. Benzene-ethanol 7:3 vv mixture  has been 
applied.  Yie lds  and ulttimate z n a l y s i s  of t h e  e x t r a c t s  o r e  g iven  
/Teble I/ .  Although t h e  y i e l d s  a r e  l o n  they  a r e  cons ide rab ly  h i g h e r  
than  benzen .ex t r ac t  o r  e t h a n o l  e x t r a c t  y i e lds .  
Temperature cur r icu lum o f  t h e  e x t r a c t e d  compounds: a f t e r  ex t r ac -  
t i o n  a t  ambient tempera ture  t h e  e x t r a c t  s o l u t i o n  has  been in f luen -  
ced by temperature below 100°C / t h e  bottom f l a s k  o f  t h e  Soxhlet  
water  bath hea ted /  f o r  18 hours  / a f t e r  each 18-hour pe r iod ,  solu- 
t i o n  has been removed and f r e s h  s o l v e n t s  poured/. The t o t a l  e x t r a c t  
s o l u t i o n  was c a r e f u l l y  f i l t r a t e d  and t h e  s o l v e n t s  were evapora ted  
from i t  i n  a r o t a r y  appa ra tus  a t  5OoC and reduced pressure .  

FRACTIONATION OF THE EXTaCTS 
hes  been c a r r i e d  o u t  accord ing  t o  t h e  scheme /Pig. I /  besed on t h e  
procedure desc r ibed  by Schweighardt e t  a1./8, 9/ f o r  a n a l y s i s  o f  
hydrogenated c o a l  l i q u i d s .  
The fo l lowing  group components have been i s o l a t e d  /Table 2/: 
preasphal tenes  i.e.,  benzene in so lub le s /py r id ine  s o l u b l e s  
asphal tenes  i.e., benzene so lubles /hexane  i n s o l u b l e s  
b a s i c  f r a c t i o n  o f  a spha l t enes  
ac id i c /neu t r a l  f r a c t i o n  of a spha l t enes  
benzene and hexane s o l u b l e s  
Temperature cur r icu lum o f  t h e  e x t r a c t e d  compounds, cont inued:  a l l  
gr0v.p components were f r e e d  from the  s o l v e n t s  i n  a r o t a r y  eppa ra tus  
c t  5OoC /except py r id ine  i n s o l u b l e s /  and reduced p r e s s u r e  t o  con- 
stant weight /except p y r i d i n e  so lub le s / .  Other a n a l y t i c a l  works 
were done a t  ambient tem_nerature. Saxples m r e  s t o r e d  i n  n i t rogen .  
Extract+benzene / l  Og: I O O m l /  were v igo rous ly  s t i r r e d  f o r  3 hours. 
Benzene i n s o l u b l e s  B I  i‘iere f i l t r a t e d ,  washed, d r i e d ,  weighed. Then 
pyri.dine was added t o  B I  and t o t a l  - s t i r r e d  f o r  1 hour. P j r i d i n e  
i n s o l u b l e s  P I  mere f i l t r a t e d ,  washed and d r i e d  above 100°C t o  cons- 
t a n t  weight. 
The conten t  of p y r i d i n e  s o l u b l e s  PS has  been determined by d i f f e -  
rence  : 
B I  - PI = preasphe l t enas ,  
3:i.xeozone f i n a l  amount of py r id ine  cannot be removed from then 
a t  50 C. 
S o l u b i l i t y  of  p reaspha l t enes  
Tie t r i e d  t o  r e d i s s o l v e  t h e  p reaspha l t enes  i n  t h e  same s o l v e n t  mix- 
t u r e  2s app l i ed  i n  c o a l  e x t r a c t i o n  /benzene:ethanol 7:3/. It has 
been s t a t e d  t h e t  p renspha l t enes  i s o l a t e d  from the  c o a l  e x t r a c t  z r e  
e a s i l y  d i s so lved  a t  a b i e n t  tempera ture  i n  t h e  mix tu re ,  a l though 
they  a r e  i n s o l u b l e  i n  benzene o r  e thanol .  Therefore ,  no i n d i c a t i o n  
of t h e i r  po lymer iza t ion  /6/ which could contrTbute t o  a formation 
of prezsphal tenes  has been found. 
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Fur ther  a n a l y t i c a l  work on t h e  s e p a r a t i o n  o f  preasphal tenes  by H C 1  
s a t u r a t i o n  of benzene/ethanol  s o l u t i o n  has  n o t  been completed ye t .  
The benzene s o l u b l e  o r t i o n  of t h e  e x t r a c t  is reduced i n  volume by 

benzene is  reached, Then BS concen t r a t e  i s  s lowly  in t roduced  by 
drops i n t o  v igo rous ly  s t i r r e d  hexane. F i l t r a t e d ,  washed and d r i e d  
p r e c i p i t a t e  y i e l d s  the content  of asphal tenes .  
The asphal tenes  a r e  d i s s o l v e d  I n  to luene ,  f i l t r a t e d ,  then  dry  H C 1  
is bubbled through the s o l u t i o n  u n t i l  no f u t h e r  p r e c i r i t a t i o n  i s  
observed. Chlor ide  p r e c i p i t a t e  is f r e e d  f r o m  H C 1  by to luene / ln  
aqueous NaOH t r ea tmen t  and a f t e r  evaporati0.n of to luene  t h e  content  
of  bas i c  p o r t i o n  of  a spha l t enes  is determined. 
Compounds which d i d  n o t  f o r m  H C 1  adducts  and remained i n  to luene  
were recovered by evapora t ion  /nonbasic p o r t i o n  of asphal tenes / .  

TLC ANALYSIS OF THE EXTRACT AND ITS SEPARATION PRODUCTS 
Table 3. Thin-Layer Chromatoarapkv cond i t ions  

n i t r o g e n  f l u s h  a t  50 8 C u n t i l  an approximate r a t i o  lg:5ml so lub le s  : 

Solvent  Develop- 
Solvent  system r a t i o  ment 

!,I C B I\? C B cyc le  
e x t r a c t  methanol chloroform -- 1 : 1 - 1/2; f u l l  
preasph, methanol chloroform benzene 1 : 1 : 1 f u l l  
bases  methanol chloroform -- 1 : 1 - f u l l  
nonbases methanol chloroform -- 1 : 1 - 1/2; f u l l  

- 

Beutra l  g e l  / type bDV-Kieselgel -El?/ on 20x20 cm p l a t e s  was used. 
F u l l  development c y c l e  was 16 cm high;  1 /2  c y c l e  i s  r e a l i z e d  as 
fo l lows;  t h e  p l a t e  is kept  i n  t h e  chamber u n t i l  so lven t  reached 
1/2 he igh t ,  removed from chamber, d r i e d  under n i t r o g e n ,  r e i n s e r t e d  
i n  chamber. 
The appl ied  s p r a y  r e a  e n t s  f o r  f u n c t i o n a l  group d e t e c t i o n  on TLC 
p l a t e s  a r e  p re sen ted  ?Table 4/. 

Table 4. Thin-Layer Sprag Reagents 
Func t iona l  group i n d i c a t i o n  Detect ion 
Ar-OH N-H r i n g  =N-ring iir-fiEi2 l i m i t  / E /  

Reagent Phenol P f r r o l  P n i d i n e  Amines 
type  t s p e  tgpe 

F a s t  Blue r ed -  brown- -- yellow- o, o1 
S a l t  B v i o l e t  v i o l e t  orange 

FeC13 dark 
3% i n  0,511 HC1 green -- blue 0 , O l  

091 
jvachmeister's . yel low- purple-  -- brown- 
Reagent v i o l e t  brown green  

E r l  i c h ' s  
Reagent 

Dragendorf f 's 
Reagent 

brown beige 095 Iodop la t ina t e  -- -- 
a / a f t e r  few hours 
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Prepa ra t ion  o f  t h e  r eagen t s  is  based on E. Merck handbook - 
"Anf2lrbereagensien f u r  DUnnschicht- und Papier-Chromatographie", 
Darmstadt, 1970. The same r e a g e n t s  were app l i ed  by us /IO/ i n  
a n a l y s i s  of  hydrogenated coa l  l i q u i d s .  
Resu l t s  of TLC a n a l y s i s  o f  t h e  coa l  e x t r a c t  a s  we l l  as i t s  sepa ra -  
t i o n  products a r e  summarized /Table 5/. 
Table 5. Resu l t s  of Spray Reagent Tes t :  

Funct iona l  Group 
Ar-OH iJ-H r i n g  =N- r i n g  Ar-NHa 
Phenol Pyr ro l  Py r id ine  Amine2 
type  type  t m e  

Ex t rac t  + + + + 
Preasphal tenes  + + + + b 

+ + Asphaltene --- --- 
bases  
Asphaltene 
a c i d i c b e u t r a l  + 

--e --- + 
~~ ~ ~~ 

q L C - S p r a y  R e a g e n t i n d i c a t i o n  o f  amine presence i s  no t  an i r r e -  

b/ ideaningless t e s t  - preaspha l t enes  a r e  contaminated by py r id ine  

The r e s u l t s  i n d i c a t e  t h a t  a spha l t enes  der ived  from t h e  coa l  e x t r a c t  
con ta in  heterocompounds vihich may be sepa ra t ed  i n t o  b a s i c  and 
a c i d i c / n e u t r a l  f r a c t i o n s .  Phenol and p y r r o l  d e r i v a t i v e s  a r e  p re sen t  
i n  the  a c i d i c  f r a c t i o n ,  py r id ine  d e r i v a t i v e s  -- i n  t h e  b a s i c  p o r t i o n  
We d i d  not  f i n d  any amphoteric subs tances  i n  t h e  b a s i c  no r  i n  t h e  
a c i d i c  f r a c t i o n .  Therefore,  t h e  analogous r e s u l t s  have beea o b t a i -  
ned i n  a n a l y s i s  o f  a spha l t enes  e x t r a c t e d  from c o a l  a t  ambient tem- 
pe ra tu re  / t h i s  paper/  and a spha l t enes  der ived  from t h e  h igh  tem- 
pe ra tu re  coa l  convers ion  products /5, 8, 9 ,  lo/. 

INFRA-RED SPZCTROiiTETRY OF THS EXTRACT AND SOMd SZPARATIOM PBODUZTS 
Spect ra  have been recorded  by C. Ze iss  saec t rophotometer  Specord 
71 I R  IvIodel /NaCl prism/. 
Spec t ra  of t h e  e x t r a c t  i n  K 3 r  p e l l e t  /curve .I/, b a s i c  f r a c t i o n  
/curve B/ and a c i d i c / n e u t r a l  f r a c t i o n  of  a spha l t enes  /curve C /  - 
both i n  2% CS s o l u t i o n s ,  0 ,6  mm f i x e d  pa th  l eng th  c e l l ,  a r e  
presented  /Fig. 2/. CS bands have been coalpensated by a p T l i c e t i o n  
o f  v a r i a b l e  pa th  c e l l  2 i n  r e fe rence  beam. 
Broad and h igh  band i n  3590-3050 cm-' range i s  a s7;rong i n d i c a t i o n  
o f  t he  presence o f  hydrogen bonded heterocoa2ounds i n  t h e  e x t r a c t .  
S p e c t r m  of  base  shows: 
i n  3570-3100 C ~ I I - ~  range - weaK, broad band which mey e r i s e  f r o m  

f u t a b l e  proof. 

dur ing  s e p a r a t i o n  procedure. 

s t r e t c h i n g  v i b r a t i o n s  of  X-H Erou;),  f r e e  or/znd hydrocen 
bonded; t e k i n e  i n t o  account TLC-sprey r eecen t  t e s t  r e s u l t s  
/ py r ro l  type  IT-H and phenol ty?e  0-3 excluded/ t h e  above 
5ana a r i s e  from zmine 7y2e IT-H oond. 



1730 cm" band i n d i c a t e s  carbonyl group o f  c y c l i c  unsa tu ra t ed  
ketones , and/or d ike tones  , and/or quinones. However, t h i s  
band is  absent  i n  t h e  e x t r a c t  spectrum. Therefore,  oxida- 
t i o n  o f  t h e  b a s i c  f r a c t i o n  inay be a reason. 

0-H and/ r i n t r a m o l e c u l a r  phenol 0-H.. . . .$ o r b i t a l  band; 

molecular 0-H bonded group; abso rp t ion  of p y r r o l  type  N-H 
s t r e b c h i n g  and/or %...OH v i b r a t i o n s  occurs  w i t h i n  t h e  
renge IS w e l l ;  

t i o n s  of' C-0-C a r j l  e t h e r s  and/or s k e l e t a l  v i b r a t i o n s  of 
fu ranes ;  t he  p r  sence  o f  f u r a n e s  is i n d i c a t e d  a s  w e l l  by 
880 end 860 cm-' duble t .  

ilowever, t h e  assignment of a l l  o t h e r  bands has been c a r r i e d  o u t ,  
i t  i s  no t  p re sen ted  h e r e ,  s i n c e  complex composition o f  t he  samples 
limits i t s  d i a g n o s t i c  va lue .  On t h e  o t h e r  hand, p a r t  o f  i t  is  
c l e a r l y  v i s i b l e  and t r i v i a l ,  f o r  i n s t e n c e  - h ighe r  conten t  of 
aroinatic and a l k y l  groups i n  a c i d i c  f r a c t i o n  than  i n  b a s i c  f r a c t i o n .  

COBCLUSIOXS 
Asphaltenes aild p reespha l t enes  a r e  t h e  components of an o r i g i n a l  
coa l .  Therefore,  some p o r t i o n s  of  t h e s e  group components i n  c o a l  
l i q u e f a c t i o n  products  a r e  n o t  t he  products  of thermal no r  c a t a l y -  
t i c  conversion. 
The r e a l  conten t  of e sphz l t enes  and p reespha l t enes  i n  an  o r i g i n a l  
c o a l  is  s t i l l  an unanswered ques t ion .  i'ie have y e t  t o  know more 
on electron-donor 2nd -acceptor  p r o p e r t i e s  of so lven t  mixtures  
a s  we l l  2s abcut s t r e n g t h  of donor-zcceptor bonds occur ing  i n  coa l  
s u b s t a n c e , i f  one i n t e n d s  t o  s e l e c t  s o l v e n t  mixture  capable of 
e x t r a c t i n g  t o t a l  amount of t hese  components from coal. 
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The au thors  wish t o  thank  Prof .  Dr. Vi .  Kisielow and Dr.F.K. Schweip  
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Spectrum of a c i d ' c / n e u t r z l  f r a c t i o n  shows: 
i n  3585-3550 cm-# range  - s h a r p  band c h a r a c t e r i s t - c  of f r e e  phenol 

i n  3495-3100 cm-? range  - broad band c h a r a c t e r i s t i c  o f  i n t e r -  

s h a r p  1030 cm'? band may e r i s e  from symmetric s t r e t c h i n g  v ib ra -  
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THE HYDROTREATMENT OF COAL W I T H  AlC13/HC1 AND OTHER 
STRONG A C I D  MEDIA 

J. Y. Low and D. S.  Ross 

S tanford  Research I n s t i t u t e  
333 Ravenswood Avenue, Menlo Park, C a l i f o r n i a  94025 

INTRODUCTION 

Most c u r r e n t  p r o c e s s e s  f o r  upgrading c o a l  t o  c l e a n e r  f u e l s  r e q u i r e  s t r i n g e n t  
r e a c t i o n  condi t ions  of  h i g h  temperatures  and pressures .  Less s e v e r e  r e a c t i o n  con- 
d i t i o n s  a r e  needed to  make c o a l  upgrading economically f e a s i b l e .  The o b j e c t i v e  o f  
t h i s  work w a s  t o  i n v e s t i g a t e  c a t a l y s t  systems f o r  upgrading of c o a l  t o  c lean  f u e l s  
under moderated condi t ions .  In t h i s  work, homogeneous a c i d  c a t a l y s t s  a r e  of par- 
t i c u l a r  i n t e r e s t  because they  a l low i n t i m a t e  c o n t a c t  wi th  t h e  coa l ,  they a r e  n o t  
l i a b l e  t o  c o a l  ash  f o u l i n g ,  and they  a r e  e a s i l y  recovered from the c o a l  ash.  

The most common homogeneous c a t a l y s t s  s t u d i e d  i n  c o a l  upgrading belong t o  t h e  
genera l  c l a s s  of molten s a l t  c a t a l y s t s ,  (1-5) and inc lude  h a l i d e  salts of antimony, 
bismuth, aluminum, and many of t h e  t r a n s i t i o n  metals. Most of ten ,  t h e s e  molten s a l t s  
have been s t u d i e d  a t  h igh  tempera ture ,  and i n  massive excess .  (1-5) W e  have perform- 
ed a sys temat ic  s tudy  o f  t h e  use  of some of these  molten s a l t s  a s  t h e  homogeneous 
ac id  c a t a l y s t s  f o r  upgrading of c o a l  a t  r e l a t i v e l y  low temperatures  and moderate 
q u a n t i t i e s .  

I n  our i n i t i a l  work to  e s t a b l i s h  r e l a t i v e l y  mild r e a c t i o n  condi t ions  t h a t  would 
s t i l l  give r e l a t i v e l y  good conversions,  we conducted a s e r i e s  of experiments  t o  
determine t h e  r o l e  of  Wl, A l C l 3 ,  and H2 i n  c o a l  hydrocracking.  
e f f e c t s  of temperature  and r e s i d e n c e  t i m e ,  s t u d i e d  c a t a l y s t / c o a l  weight  r a t i o s  of 
1:l t o  3:1, and f i n a l l y  chose t h e  s tandard  r e a c t i o n  condi t ions  for  t h e  screening  of 
s e v e r a l  ac id  c a t a l y s t s .  
r e s u l t s .  

We examined t h e  

This paper  summarizes t h e  exper imenta l  s t u d i e s  and our  

EXPERIMENTAL STUDIES. 

We used I l l i n o i s  No. 6 c o a l ,  which was pulver ized  by b a l l  m i l l i n g  under n i t rogen  
t o  60 mesh and then u s u a l l y  d r i e d  i n  a vacuum oven at 115OC overn ight .  
S t a t e  Univers i ty  s u p p l i e d  b e n e f i c i a t e d  c o a l  samples (PSOC-26) as w e l l  a s  an unbene- 
f i c i a t e d  sample (PSOC-25) f o r  u s e  i n  some experiments .  The r e a c t o r  used was e i t h e r  
a rocking  500-ml a u t o c l a v e  f u l l y  l i n e d  wi th  Teflon,  o r  a 300-ml Haste l loy  C Magne- 
Drive s t i r r e d  au toc lave  from Autoclave Engineers .  Standard te t rahydrofuran  (THF) and 
p y r i d i n e  s o l u b i l i t i e s  were determined f o r  t h e  d r i e d  product  c o a l  by s t i r r i n g  a 0.50 g 
sample of t h e  product  c o a l  i n  50 rnl THF o r  p y r i d i n e  a t  room temperature  f o r  1 h r ,  
f i l t e r i n g  t h e  mixture  i n  a medium p o r o s i t y  s i n t e r e d  g l a s s  f i l t e r ,  and then  washing 
t h e  res idue  w i t h  f r e s h  s o l v e n t  ('b 50 m l )  u n t i l  t h e  washings were c l e a r .  

Pennsylvania 

RESULTS AND DISCUSSION 

I n  a s e r i e s  of r u n s  i n  a rocking  Teflon-l ined au toc lave ,  we f i r s t  s t u d i e d  t h e  
r o l e  of fic1, AlCl3, and H2 i n  c o a l  hydrocracking,  us ing  5 g each of  AlCl3 and c o a l ,  
a t  190°C ( j u s t  above t h e  m e l t i n g  p o i n t  of AlCl3), f o r  15  and 5 hr .  
F igure  1, one o r  more of  t h e  t h r e e  components were absent  i n  Runs 1 t o  6 and 9, and 
i n  each case no i n c r e a s e  i n  THF and p y r i d i n e  s o l u b i l i t i e s  was observed.  I n  Run 10, 
where a l l  t h r e e  components were p r e s e n t ,  s o l u b i l i t i e s  i n c r e a s e d  s u b s t a n t i a l l y ,  sug- 
g e s t i n g  t h a t  t h e  AlC13/HCl system w a s  a c t i v e .  
por tance  of HC1 i n  t h e  system under these  c o n d i t i o n s ,  however t h e  r e s u l t s  a r e  not  
unequivocal. 
groups and t r a c e s  of  water ,  undoubtedly hydrolyzes  some of t h e  A l C l 3 ,  producing H C L  

A s  shown i n  

Runs 7 and 10 serve  t o  a s s e s s  t h e  ip 

Here, t h e  presence  i n  t h e  c o a l  of pro ton  sources ,  such as phenol ic  
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These runs  i n d i c a t e  t h a t  no added H C 1  is r e q u i r e d  f o r  c o a l  hydrocracking at t h e s e  
lower temperatures. 

A t  h igher  r e a c t i o n  temperatures  (210OC) and s h o r t e r  r e a c t i o n  time (5 h r )  on t h e  
o t h e r  hand, the  added €IC1 c l e a r l y  i n c r e a s e s  t h e  conversion (Runs 2 1  and 25) ,  suggest-  
i n g  t h a t  the  e f f e c t i v e  c a t a l y s t  i n  t h e  system must c o n t a i n  t h e  elements  of H C 1  and 
AlCl3. 

Next, w e  s t u d i e d  t h e  e f f e c t  of  p o t e n t i a l  H-donor hydrocarbons and temperature .  
We based our  work on t h e  r e s u l t s  of S i s k i n , ( 5 )  who found t h a t  s a t u r a t e d ,  t e r t i a r y  
hydrocarbons s e r v e  as e f f e c t i v e  hydride donors i n  t h e  s t r o n g  acid-promoted hydro- 
genolys is  of benzene. I n  o u r  system they proved i n e f f e c t i v e  (Runs 1 7 ,  22, 24, and 
26, F igure  1). Higher temperatures  a l lowed s h o r t e r  r e a c t i o n  times. The r e s u l t s  f o r  
Run 18 (only 5 h r  a t  195°C) are comparable t o  t h o s e  f o r  Runs 7 and 1 0  (15 h r ,  190'C). 
Runs a t  195'C f o r  15 hr w e r e  s i g n i f i c a n t l y  more e f f e c t i v e ,  and t h e  convers ion  
Run 12 a t  5 h r  and 210°C is about  t h e  same as t h a t  of Run 16 f o r  1 5  h r  a t  195°C. 

f o r  

Next, w e  s t u d i e d  t h e  e f f e c t s  of t h e  r e a c t i o n  per iod  and c a t a l y s t  t o  c o a l  weight 

We f i r s t  compared t h e  e f f e c t s  of t h e  c a t a l y s t /  
r a t i o  on both t h e  product  c h a r a c t e r  and t h e  c o a l  product  y i e l d s  i n  both  t h e  Teflon- 
l i n e d  and the  Has te l loy  C au toc laves .  
c o a l  r a t i o  and a t  a weight r a t i o  of  1 . 0 , ' t h e  two systems y ie lded  products  wi th  
s t r i k i n g l y  d i f f e r e n t  p y r i d i n e  s o l u b i l i t i e s :  about  60% with t h e  Tef lon  equipment. 
I n c r e a s i n g  the  c a t a l y s t / c o a l  r a t i o  t o  2 .0  increased  s o l u b i l i t i e s  t o  above 90%, b u t  
a f u r t h e r  r a t i o  i n c r e a s e  a c t u a l l y  caused s o l u b i l i t i e s  t o  decrease s l i g h t l y .  The 
s o l i d  product  recovery a l s o  decreased wi th  i n c r e a s i n g  c a t a l y s t / c o a l  r a t i o .  A t  a 
2.0 r a t i o ,  only about  h a l f  t h e  c o a l  was recovered as a s o l i d  product. The o t h e r  
h a l f  w a s  g a s i f i e d .  
however, t h e  pyr id ine-so luble  f r a c t i o n  d i d  not  m e l t  even up t o  280'C. The c o a l  
products  from t h e  Teflon-l ined r e a c t o r  have c o n s i s t e n t l y  h igher  H / C  r a t i o  than t h o s e  
from t h e  Has te l loy  C r e a c t o r .  
au toc lave  sur face  on t h e  resul ts ,  but  p a s s i v a t i o n  o f  t h e  metal  s u r f a c e  by some 
minimum quant i ty  of c a t a l y s t  i s  p a r t  of t h e  answer. 
Tef lon  s u r f a c e  is h e l p f u l .  

The s o f t e n i n g  p o i n t  f o r  t h e  THF-soluble f r a c t i o n  was about  150°C; 

We have no d e t a i l e d  explana t ion  f o r  t h e  e f f e c t  of 

Whatever t h e  mechanism, t h e  

I n  runs over  vary ing  r e s i d e n c e  times i n  t h e  Has te l loy  C au toc lave  a t  a c o n s t a n t  
2.0 c a t a l y s t / c o a l  r a t i o ,  w e  observe s i g n i f i c a n t  d i f f e r e n c e s  i n  g a s i f i c a t i o n .  
of 5 h r  down t o  90 min, s o l i d  product  recovery was 45 t o  50%. 
s o l i d  product  recover ies  were 66 t o  72%. The H/C v a l u e s  f o r  t h e  i s o l a t e d  s o l i d  
product  coa ls  f o r  a l l  six r u n s  were remarkably similar, from 0.82 t o  0.85. S i m i l a r l y ,  
a l l  c o a l  products  have p y r i d i n e  s o l u b i l i t i e s  g r e a t e r  than  90%. 
may expla in  these  da ta .  

In runs  
In t h e  45 min runs ,  

The fo l lowing  scheme 

The c a t a l y s t  system g a s i f i e s  some of t h e  c o a l  d i r e c t l y  t o  methane and ethane.  
T h i s  r e s u l t ,  and t h e  e f f e c t s  of temperature  on c o a l  conversion,  a r e  shown i n  Table 1. 

The Table shows d a t a  from runs  a t  210°C f o r  r e a c t i o n  t i m e s  from 45 m i n  t o  5 h r ,  
and a t  300'C f o r  experiments  a l l  f o r  90 min.( the 210°C d a t a  are from an earlier phase 
of  our  work, where t h e  g a s i f i c a t i o n  w a s  no t  q u a n t i f i e d .  
determined by d i f f e r e n c e .  
were determined independent ly ,  and thus  t h e  mass balances  f o r  these  r u n s  are not  
e x a c t l y  100%). 

Thus t h e  g a s i f i c a t i o n  was 
For  t h e  30OoC work, t h e  q u a n t i t i e s  of g a s e s  and r e s i d u e  

From the lower temperature  r e s u l t s ,  i t  is  seen t h a t  t h e  degree of  g a s i f i c a t i o n  
i n c r e a s e s  wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  The s o l i d  c o a l  products  from t h e s e  runs  
are a l l  h ighly  p y r i d i n e  s o l u b l e ,  and have e f f e c t i v e l y  t h e  same H/C r a t i o ,  of  0.83 - 
0.84. (The H/C r a t i o  of t h e  s t a r t i n g  c o a l  is 0.79). 

The 300'c runs are a l l  f o r  90 min, and experiments  83 and 85 show s t r i k i n g  
degrees  of g a s i f i c a t i o n .  F u l l y  go+% of t h e  carbon i n  t h e  c o a l  was converted t o  a 
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50:50 mixture  of  methane and e thane  i n  t h e s e  experiments .  The n e x t  t h r e e  runs were 
run  without  HC1 p r e s e n t ,  and a cumulat ive e f f e c t  of  its absence i s  seen.  The 
degrees  of g a s i f i c a t i o n  d e c l i n e  s e v e r e l y ,  and t h e  s o l i d  c o a l  products  recovered 
a l l  have lessened  p y r i d i n e  s o l u b i l i t i e s  and H / C  r a t i o s .  
w a s  observed by Kawa, e t  a l .  (2) .  

A similar e f f e c t  f o r  H C 1  

These d a t a  can be e x p l a i n e d  by t h e  fol lowing scheme. 

Run Residence Coal Residue 
T i m e  % Rcvdl % Pyr I H / C  

Coal 1 Coal Prod. 2~ c1 -I- c- 

% 
Coal 

H / C  = 0.79 H 2 / C a t .  H/C = 0.83 H 2 / C a t .  

I 

21ooc 

67 5 h r  39 97 0.83 61b 

46" 48 87 0.82 52b 

41  4 h r  49 9 1  0.84 51b 

66 90 m i n  41 96 0.85 53b 

6gd 45 min 72 93 0.82 28b 

71 66 97 0.84 34b 

30OoC 

83  90 m i n  1 8  78 , 0.12 96 

85 1 8  83  0.74 90 

30 60 0.75 72 

49 31 0.68 56 

I88  1 " I 68 I 28 I 0.641 36 1 

Char 

H2/no Cat. T C  = 0.75 .-e 0.64' 

Run 
Without 

H C 1  

Table 1 

THE EFFECT OF RESIDENCE TIMES ON COAL GASIFICATION 

(4 g I l l i n o i s  No. 6 c o a l ,  8 g A l C l 3 ,  500 p s i  HC1, 
800 p s i  H?,  i n  a 300 m l  s t i r r e d  Has te l loy  C a u t o c l a v e )  

L 

aBased on 4 g o f  c o a l .  

bAssumed, based  on unaccounted f o r  material. 

'Run w i t h  3 g c o a l  and 6 g AlC13.  

S teps  1 and 2 are impor tan t  i n  t h e  presence of  an e f f e c t i v e  c a t a l y s t  and 3 becomes 
Thus, 

A t  
compet i t ive  w i t h  no e f f e c t i v e  c a t a l y s t  p r e s e n t .  
t h e  hydrogen-rich, pyr id ine-so luble  c o a l  product  accumulates  and can  be  i s o l a t e d .  
h igh  temperatures ,  t h e  r e l a t i v e  r a t e s  of  S teps  1 and 2 a r e  reversed ,  k > kl, and 
g a s i f i c a t i o n  i s  t h e  major e f f e c t .  
c a t a l y s t  e f f e c t i v e n e s s ,  S t e p s  1 and 2 a r e  suppressed and 3 becomes dominant. 

A t  lower tempera tures ,  k l  > k2. 

F i n a l l y ,  when t h e  e l i m i n a t i o n  of  HC? reduces the  
Thus 
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A1C13 
t h e  lessening  degrees  of  g a s i f i c a t i o n ,  t h e  c o a l  r e s i d u e s  appear  to  be i n c r e a s i n g l y  
cross- l inked and deple ted  i n  hydrogen, p o s s i b l y  a r e s u l t  of  chemis t ry  a t  t h e  a u t o -  
c l a v e  surface.  

is n o t  on ly  i n e f f e c t i v e ,  i t  promotes char  formation.* Moreover, w i t h  

Severa l  a c i d  c a t a l y s t s  were screened i n  two s e r i e s  of tests a t  two c a t a l y s t  
concent ra t ion  l e v e l s ,  21O0C, 5 h r ,  800 p s i  Hg, and 0.7 HX (X = B r ,  C 1 ,  o r  F). We 
found c a t a l y s t  a c t i v i t y  t o  vary cons iderably  from one series t o  t h e  n e x t  (Table 2 ) .  
C a t a l y s t  c o a l  r a t i o  f o r  t h e  f i r s t  series w a s  1:l. A l l  c a t a l y s t s  s t u d i e d  a t  t h i s  
r a t i o ,  except  AlBr3 and A l C 1 3 ,  were i n e f f e c t i v e ,  reducing THF and p y r i d i n e  s o l u b i l i -  
t ies s i g n i f i c a n t l y ,  perhaps because of i n t e r n a l  condensat ion i n  t h e  s t a r t i n g  c o a l .  
The c o a l  products  i n  t h e s e  runs are probably h ighly  c ross - l inked .  
s i d e r a b l y  more e f f e c t i v e  than  A1Br3, and HBr  a l o n e  (Run 30) w a s ,  n o t  s u r p r i s i n g l y ,  
i n e f f e c t i v e .  We found HC1 t o  behave s i m i l a r l y  (Run 4, F igure  1 ) .  Thus, t h e s e  
r e s u l t s  i n d i c a t e  a c a t a l y s t  e f f e c t i v e n e s s  of  
% TaF5 % NiSO4 

AlCl3 w a s  con- ' 

A l a 3  > MBr3 >> SbC13 % SbF3 % ZnC12 
Cos04 I HBr. 

Next w e  r a n  a more e x t e n s i v e  series w i t h  t h e  c a t a l y s t s  p r e s e n t  a t  a c o n s t a n t  
Here w e  found r a t i o  of 0.045 

(AA = ace ty lace tona te) .  I n  t h i s  second series w e  found f i r s t  t h a t  TaF5, which Sisk in  
(6)  found t o  e f f e c t i v e l y  hydrocrack benzene t o  mixed hexanes, i s  n o t  a t  a l l  e f f e c t i v e  
under our  condi t ions .  S i m i l a r l y ,  ZnC12, t h e  w e l l  known c o a l  convers ion  c a t a l y s t ,  is  
not  e f f e c t i v e  under these  condi t ions ,  perhaps because under  o u r  r e l a t i v e l y  mild con- 
d i t i o n s ,  ZnClZ i s  n o t  molten (mp, 283°C). F i n a l l y ,  t h e  f a v o r a b l e  antimony bromide 
and c h l o r i d e  r e s u l t s  are s i m i l a r  t o  t h o s e  r e p o r t e d  by S h e l l  (1) .  

c a t a l y s t / 4  g c o a l ,  e q u i v a l e n t  t o  6 g AlC13/4 g c o a l .  
SbBr3 t3 SbC13 > AlBr3 > A1C13 > Ni(AA)2 > TaF5 >> SbF5 MoC15 I WC16 

I n  Run 35 (Table  2 ) ,  with  AlC13/HCl, w e  used unbenef ic ia ted  coa l .  Here, t h e  
THF s o l u b i l i t y  of the product  c o a l  i n c r e a s e d  by almost a f a c t o r  of 2 ,  to 40%. 
pyr id ine  s o l u b i l i t y  increased  s l i g h t l y ,  t o  66%. Since p y r i d i n e  is g e n e r a l l y  a 
b e t t e r  so lvent  f o r  c o a l  l i q u i d s  than  is THF, t h e  cons iderable  i n c r e a s e  i n  THF solu-  
b i l i t y  sugges ts  t h a t  more lower molecular  weight  products  are obta ined  when unbene- 
f i c i a t e d  c o a l  i s  used. Also ,  t h e  minera l  matter p r e s e n t  i n  t h e  unbenef ic ia ted  c o a l  
c l e a r l y  a i d s  i n  t h e  ac id-ca ta lyzed  hydrocracking process ,  sugges t ing  that t h e  mineral  
matter i n  t h e  c o a l  i s  a n  e f f e c t i v e  c a t a l y s t  under a c i d  c o n d i t i o n s .  

The 

SUMMARY OF RESULTS 

We now have e s t a b l i s h e d  a set of r e l a t i v e l y  mild exper imenta l  c o n d i t i o n s  f o r  
c o a l  conversion and have i d e n t i f i e d  s e v e r a l  homogeneous a c i d  c a t a l y s t s ,  which under 
t h e s e  condi t ions  can conver t  the  c o a l  a lmost  completely t o  pyr id ine-so luble  m a t e r i a l .  
The r e a c t i o n  c o n d i t i o n s  f o r  A l C l 3  are 210°C, 45 min, 2 : l  AlCl3/coal  weight  r a t i o ,  
500 p s i  H 2 ,  800 p s i  HC1. 
r a t i o ,  the  e f f e c t i v e n e s s  of t h e  c a t a l y s t s  f o r  conversion i s  

When a cons tan t  molar r a t i o  of c a t a l y s t  i s  used, t h e  o r d e r  is: 

Also, we have observed t h a t  w i t h  1:l c a t a l y s t / c o a l  weight 

A1c13 > 

SbBr3 % SbC13 5 A 1 B r 3  > A1C13 > Ni(AA)z > TaF5 >> SbF5 % MoC15 

We have discovered t h a t  adding H C 1  t o  A l C 1 3  s i g n i f i c a n t l y  enhances conversion 
f o r  runs wi th  s h o r t  res idence  t i m e  (5 h r  o r  s h o r t e r )  a t  210°C. Under similar reac t ion  
condi t ions ,  a Tef lon- l ines  r e a c t o r  y i e l d s  c o a l  products  w i t h  g r e a t e r  H/C va lues  than 
does t h e  Has te l loy  C r e a c t o r .  Residence t i m e  a l s o  has  a s i g n i f i c a n t  e f f e c t  on gasi- 
f i c a t i o n ,  More t h a n  50% of  t h e  c o a l  is g a s i f i e d  f o r  r e s i d e n c e  t imes  of  95 min o r  
longer ;  30% i s  g a s i f i e d  a t  45 min. 
r e a c t i o n  temperature ,  M C l j / c o a l  weight r a t i o  of  2 :1 ,  and wi th  H C 1  added, about 90% 
of t h e  c o a l  is converted t o  methane and ethane.  
*The e f f e c t  of  HC1 absence i s  expla ined  by t h e  need f o r  p a s s i v a t e d  reac tor  
surfaces. 
are s i g n i f i c a n t l y  improved. 
comparable t o  those  shown here.  

>> SbClg % SbF3 % ZnC12 % TaF5 5 NiS04 5 CoS04. 

WCl6. 

F i n a l l y ,  w e  have e s t a b l i s h e d  t h a t  a t  300'C 

When t h e s e  r e a c t i o n s  are run  i n  f u l l y  Teflon-l ined r e a c t o r s ,  t h e  r e s u l t s  
Considerably lower c a t a l y s t / c o a l  r a t i o s  provide r e s u l t s  
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Table 2 

TREATMENT OF ILLINOIS  NO. 6 COAL 
W I T H  Hz/STRONG A C I D  SYSTEMS 

I I  

aIn  t h i s  s e r i e s  of experiments ,  5 g of coa l  was t r e a t e d  a t  210OC f o r  5 hr  i n  a 
Teflon-l ines  autoclave.  b Moisture-ash-free b a s i s .  C Unbeneficiated c o a l  was 

A s t i r r e d  Hastt 
C autocalve w a s  used. e NO = Not determined. 
These experiments used 0.045 moles of c a t a l y s t  p e r  4 g coa l .  
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P a r t i c l e  S ize  Ana lys i s  i n  t h e  SRC Process by 
Coul t e r  Counter 

C.W. C u r t i s ,  A.R. T a r r e r  and J.A. Guin 

Chemical Engineer ing Department 
Auburn U n i v e r s i t y  

Auburn, Alabama 36830 

I n t r o d u c t i o n  

Th is  work was undertaken t o  develop an e f f e c t i v e  r a p i d  technique f o r  d e t e r -  
m in ing  p a r t i c l e  s i z e  o f  undissolved s o l i d s  i n  t h e  Solvent  Ref ined Coal (SRC) 
Process. P a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  SRC f i l t e r  feed f rom t h e  W i l s o n v i l l e  
S4C P i l o t  P l a n t  and autoc lave r e a c t i o n  m ix tu res  f rom the  Auburn Coal Conversion 
Laboratory  were measured us ing  a Cou l te r  Counter Model TA. 

The Cou l te r  p r i n c i p l e  was o r i g i n a l l y  a p p l i e d  t o  b lood c e l l  count ing1 and i s  
now w ide ly  used i n  t h e  biomedical area f o r  c e l l  count ing and s i z e  d i s t r i b u t i o n . 2  
I n d u s t r i a l  use o f  t h e  Cou l te r  technique i s  now widespread.3 The Cou l te r  technique 
has been app l i ed  i n  coal  research i n  t h e  s i z e  a n a l y s i s  o f  p u l v e r i z e d  coal ,  coa l  
dust ,  and f ly -ash.4 P resen t l y ,  t he  Cou l te r  technique i s  be ing a p p l i e d  t o  the  
s tudy o f  p a r t i c l e  s i z e  d i s t r i b u t i o n s  i n  t h e  SRC process. 
o f  t h e  mean p a r t i c l e  s i z e  i n  t h e  e f f l u e n t  f rom t h e  SRC d i s s o l v e r  on f i l t r a t i o n  
a long w i t h  t h e  problem o f  d i s s o l v e r  s o l i d s  accumulation5 has shown t h e  need f o r  
a rep roduc ib le  method o f  determin ing p a r t i c l e  s i z e  i n  SRC process streams. 

Ex per  imenta l  

Equipment 
P a r t i c l e  s i z e  de te rm ina t ions  were performed on a Cou l te r  Counter Model TA 

(Cou l te r  E lec t ron i cs ,  Hialeah, F l o r i d a )  equipped w i t h  a Model TA Ex te rna l  S i ze  
C a l i b r a t o r  I1 and an a d j x e n t  sample stand. 
analyses were 100, 140, 200 and 280 urn. 

Microscope opera t i ng  a t  20KV with a tungsten source and an aluminum coated de tec to r .  
The samples were coated w i t h  60:40 go ld -pa l l ad ium us ing a Denton DV 502 vacuum 
evaporator. O p t i c a l  microscopy was performed us ing  a Wi ld  Model M21 microscope 
equipped w i t h  a P o l a r o i d  MP-3 Land Camera. 

C hemi ca 1 s 

obta ined from M a l l i n c k r o d t  prepared i n  a 5% s o l u t i o n  was t h e  e l e c t r o l y t e  used f o r  
Cou l te r  ana lys i s .  
f i l t e r i n g  t h e  e l e c t r o l y t e  s o l u t i o n .  Carbowax 400 obta ined f rom Union Carbide was 
t h e  d i spe rsan t  used f o r  o p t i c a l  microscopy. 

Procedure 
C a l i b r a t i o n  o f  each o r i f i c e  was performed us ing  po lys ty rene  c a l i b r a t i o n  

standards o f  known d iameter  ( s u p p l i e d  by Cou l te r  E l e c t r o n i c s )  d ispersed i n  i so ton .  
Autoclave r e a c t i o n  samples and W i l s o n v i l l e  f i l t e r  f eed  were sonicated us ing 

a lo,; energy u l t r a s o n i c  bath, d ispersed i n  t h e  5% NH4SCN - DMF e l e c t r o l y t e  and 
again sonicated. 
analyzed. 
d i s t r i b u t i o n  was obta ined.  
t o  ma in ta in  t h e  necessary background o f  t h e  e l e c t r o l y t e .  

f u r t h e r  d i l u t i n g  t h e  Cou l te r  samples. 
and a i r  d r i ed .  
sonicated and then d ispersed i n  Carbowax 400. Hanging drop as w e l l  as s l i d e  
preparat ions were used. 

I n t e r e s t  i n  t h e  e f f e c t  

The o r i f i c e s  no rma l l y  used f o r  t h e  

E lec t ron  microscopy was performed us ing  an AMR Model 1000 scanning E lec t ron  

Reagent grade ammonium th iocyana te  (NH4SCN) and dimethylformamide (DMF) 

M e t r i c e l  a lpha -8 f i l t e r s  w i t h  0.2011111 pore s i z e  were used f o r  

The samples were d i l u t e d  w i t h  e l e c t r o l y t e  and immediate ly  
For each sample 100,000 p a r t i c l e s  were counted and t h e  p a r t i c l e  s i z e  

Extens ive f i l t e r i n g  w i t h  0.2pm f i l t e r s  was necessary 

For scanning e l e c t r o n  microscopy samples were prepared by s o n i c a t i n g  and 
The p a r t i c l e s  were f i l t e r e d  on a 0.2pm f i l t e r  

For o p t i c a l  microscopy, autoc lave r e a c t i o n  m ix tu res  were f i r s t  
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Verification 

Figure 1 .  
. Coulter Electronics) were measured by optical microscopy under 500x magnification 

to  have a diameter of 10.0pm. 
s ize  by Coulter Counter agreed fu l ly  with the microscopy. 

Verification of the Coulter technique by optical microscopy can be seen in 
Rigid polystyrene calibration spheres (9.99pm in diameter supplied by 

Subsequent analysis of the polystyrene's par t ic le  

Results and Discussion 

The Coulter technique measures the pa r t i c l e  volume s ize  dis t r ibut ion.  
smallest particles measured had a diameter of 1.59~11 w i t h  an overall diameter 
range of 1.59 to  128vm. All measurements were taken within the optimum range of 
the or i f ice .  Par t ic le  s i ze  dis t r ibut ions were obtained fo r  autoclave reaction 
mixtures and Wilsonville f i l t e r  feed of Amax, Western Kentucky, Pittsburgh Seam, 
and Monterey coals. The pa r t i c l e  s i ze  dis t r ibut ion measurements for  each coal 
sample can be accurately reproduced within * 10%. A mean par t ic le  s ize  i s  ob- 
tained graphically by plott ing the normalized cumulative par t ic le  volume percent 
versus particle diameter and then obtaining the mean par t ic le  s ize  a t  the 50% 
volume 1evi.l. 

The in i t i a l  mean par t ic le  s ize  for unreacted coal was between 28.8 - 40.0~m. 
Table I shows the mean par t ic le  s ize  in terms o f  part ic le  diameter for  four auto- 
claved coals reacted a t  4100C f o r  three different  time intervals .  Under autoclave 
conditions, the mean pa r t i c l e  s ize  varies significantly among the different  coals. 
Within the time range studied the mean par t ic le  s ize  for  Monterey and Pittsburgh 
Seam coals remained essent ia l ly  constant; however, the mean par t ic le  s ize  of 
Western Kentucky coal increased with time while t h a t  of Amax coal decreased. The 
mean of Amax coal leveled off  a t  9.6pm a f t e r  4 hours. The temporal behavior of 
the par t ic le  s ize  of eich coal can be direct ly  correlated t o  i t s  dissolution rate  
and behavior. Both Monterey and Pittsburgh Seam coals dissolve very rapidly, 
leaving essentially only mineral matter a f t e r  15 minutes of reaction. Amax coal,  
however, i s  a slow dissolver which accounts for the decrease in par t ic le  s ize  
over the time period studied. 
is sticky and adhesive; increasing reaction time allows the par t ic les  time to  
adhere t o  one another forming larger particles.6 

The Wilsonville f i l t e r  feed par t ic le  size dis t r ibut ions f o r  each coal 
closely resembled the autoclave reaction dis t r ibut ion (an example i s  shown in 
Table 11) except for  Western Kentucky coal which showed a significant s h i f t  t o  
smaller particles.  Generally, the Wilsonville f i l t e r  feed dis t r ibut ions showed 
greater variation within each sample than d i d  the autoclave reactions result ing 
in a larger standard deviation for  each volume range. A comparison o f  the mean 
par t ic le  size o f  Wilsonville f i l t e r  feed t o  Auburn autoclave reaction mixtures 
i s  shown in Figure 111. 
closely with the exception of Western Kentucky coal.  This difference can again 
be attr ibuted to  the adhesive nature of the Western Kentucky par t ic les .  In the 
f i l t e r  feed the par t ic les  will tend 
par t ic les  which stay in the dissolver while the smaller par t ic les  are e lutr ia ted 
out of the dissolver. 

Optical and electron microscopy verified the presence, s i ze ,  and character 
of the particles being counted by the Coulter Counter. 
allowed observation of the par t ic les  in a solution matrix. Scanning electron 
miCrOSCOPY permitted isolation of the particles from the oil  matrix and allowed 
the par t ic les  t o  be individually observed. The unregular nature and individual 
character of the par t ic les  are  shown i n  the micrographs in  Figure 2-7. 

The 

Western Kentucky coal dissolves very rapidly b u t  

For each coal the mean par t ic le  sizes compare very 

t o  adhere t o  one another forming larger 

Optical microscopy 

Process Applications 

F i l t e r ab i l i t y  of a sol id/ l iquid slurry depends on the s ize  distribution of 
the particulates entrained in the slurry as well as other factors such as vis- 
cosi ty ,  adhesive forces among the par t ic les  ( i . e . ,  whether the par t ic les  are 
st icky o r  discrete and unattractive) etc.  A major objective of t h i s  work i s  t o  
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determine whether mean par t ic le  s ize  determined by Coulter Counter analysis can 
be correlated t o  f i l t e r a b i l i t y  o r ,  more spec i f ica l ly ,  cake r e s i s t i v i ty .  To t h i s  
end: 
the coals studied a re  compared with the i r  associated cake r e s i s t i v i t i e s .  

have been extensively studied under t e s t  conditions and without the incorporation 
of bodyfeed a t  the Wilsonville SRC P i l o t  Plant. 
have only been tested with bodyfeed. 
culated for the s lu r r i e s  r u n  without bodyfeed. 
between the ease of f i l t r a t i o n  ( i . e . .  cake r e s i s t i v i ty )  and mean pa r t i c l e  s ize .  
Amax coal/oil s lu r r i e s  which have the lowest cake r e s i s t i v i ty  and are ,  therefore, 
the most easily f i l t e r ed  of the three types of s lu r r i e s  considered have the 
la rges t  mean par t ic le  size.  Monterey coal/oil s lu r r i e s  have the highest cake 
r e s i s t i v i ty ,  a r e  the most d i f f i c u l t  t o  f i l t e r ,  and have the smallest mean par t ic le  
s ize .  
in f i l t e r a b i l i t y  as well a s  mean par t ic le  s ize .  
of the porosity of the cake which i s  d i rec t ly  related t o  par t ic le  volume. Particle 
volume i s  measured d i rec t ly  by the Coulter technique. I n  conclusion, the Coulter 
Counter can give a good indication of the f i l t e r a b i l i t y  of a particular SRC process 
stream and, thus, should prove to  be a useful tool in optimizing operational con- 
d i t ions  for solids separation. 

First, since par- 
t i c l e s  less than 1.6um a re  d i f f i c u l t  t o  de tec t ,  the total  par t ic le  s i ze  range of 
the SRC effluents cannot be studied. The e f fec t  of the very small par t ic les  on 
f i l t e r a b i l i t y  i s  not precisely known; however, i t  i s  very l ike ly  tha t  par t ic les  
below 2um play a s ign i f icant  ro le  in screen blinding. The second limitation i s  
t ha t  carbonaceous agglomeration of SRC i t s e l f  i s  d i f f i c u l t  t o  de tec t  because 
approximately 96% of SRC dissolves i n  the e lec t ro ly te .  
of so l id  agglomerates would be highly desirable; for  the accumulation of solids 
in the SRC dissolver has presented s igni f icant  problems in processing certain 
types of coals, particularly those containing h i g h  concentrations of calcium. 
One reason for  this accumulation, however, i s  commonly thought t o  be the formation 
and growth of calcium carbonate (CaC03) c rys ta l s .  
t o  CaC03 crystal formation should be eas i ly  detectable by the Coulter technique 
presented herein since CaC03 i s  essentially insoluble in DMF. 

On-line Coulter analysis of the SRC process stream would allow immediate 
detection of changes in the s ize  distribution of the solvent stream par t ic les .  
Through on-1 ine analysis more precise correlations between mean pa r t i c l e  s ize  
and f i l t e r a b i l i t y  would be possible. 
of particulates in the upstream and downstream t o  the f i l t e r ,  a d i r ec t  reading 

Coulter analysis i s  a l so  an e f fec t ive  
method for determining the efficiency of other solid-liquid separation techniques, 
such a s  centrifuging and hydrocloning, currently being tested in the  SRC process. 

the  mean par t ic le  s ize  of particulates in the SRC dissolver e f f luent  fo r  . 
Fi l t ra t ion  ra tes  fo r  Amax, Western Kentucky and Monterey coal/oil  s lu r r i e s  

Pittsburgh Seam coal/oil s lu r r i e s  
Table IV shows the cake r e s i s t i v i t i e s  cal-  

Indeed, correlations a re  evident 

When screen blinding is taken into account, Western Kentucky ranks second 
Cake r e s i s t i v i ty  i s  a function 

T h e  present Coulter technique has two main l imitations.  

Detection of the formation 

Inorganic agglomeration d u e  

Also, by monitoring the s i ze  d is t r ibu t ion  

on f i l t e r ing  efficiency could be obtained. 
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TABLE I 

Mean P a r t i c l e  S i z e  o f  Autoc lave Reacted Coals 
a t  15, 30 and 60 Minutes 

Autoclave Cond i t i ons  
Temperature: 4100C 
Pressure: Hydrogen 2000 p s i  
Solvent/Coal : 3/1 
S t i r r e r :  1000 rpm 

Time Mean P a r t i c l e  S i ze  (urn)* 
(min)  Western P i  t t s  burg h 

Amax Kentucky Mon te rey  Seam 

15 14.0 7.0 5.2 
30 9.1 8.2 5.5 
60 8.0 10.6* 4.8 

6.0 
5.5 
6.0 

* 
Through subsequent c a l c u l a t i o n s ,  t h e  popu la t i on  mean can be ca l cu la ted .  
example, Western Kentucky coa l ,  reacted f o r  60 minutes, has a popu la t i on  
o f  2. Oum .: 

For 
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TABLE I 1  

P a r t i c l e  S ize  D i s t r i b u t i o n s  o f  Amax Coal Autoclave 
React ion M i x t u r e  and W i l s o n v i l l e  F i l t e r  Feed 

P a r t i c l e  Diameter 
(!4 
1.59 
2.00 
2.52 
3.17 
4.00 
5.04 
6.35 
8.00 

10.08 
12.7 
16.0 
20.2 
25.4 
32.0 
40.3 

% Volume D i s t r i b u t i o n s  

60 minu te  f i l t e r  feed 
Amax Autoclave Amax W i  1 sonvi  11 e 

10.9 f 0.6 
8.7 f 1.2 
6.6 f 0.64 
5.5 f 0.35 
5.6 f 0.36 
6.4 f 0.42 
6.9 f 0.49 
8.2 ? 0.57 
9.0 f 0.68 
9.7 ? 1.6 
9.2 f 1.5 
7.0 f 1.8 
4.6 f 2.6 
1.3 f 1.0 
0.6 ? 0.05 

10.4 5 7.8 
6.3 f 1.4 
5.7 f 0.6 
6.7 f 0.7 
7.6 f 0.8 
9.3 f 0.7 
8.6 f 1.0 
8.8 f 1.1 
9.2 f 1.3 
9.2 f 1.7 
5.7 f 0.8 
4.6 f 2.0 
4.6 f 2.8 
2.3 f 2.7 
0.6 f 0.1 

TABLE 111 

Comparison o f  t he  Mean P a r t i c l e  S i ze  
o f  W i l s o n v i l l e  F i l t e r  Feed and 

Auburn Autoclave React ion M ix tu res  

Coal Type 

Date - 
Monterey 10-20-76 
Mon t e r e y  11 -15-76 
Monterey 11-10-76 
Mon t erey Average 

Amax 
Amax 
Amax 
Amax 

- - - -  
12-19-76 

1-28-77 
Average 

Western Kentucky 4-17-76 
Western Kentucky 5-29-76 
Western Kentucky Average 

P i t t sbu rgh  Seam 7-22-75 

W i l s o n v i l l e  F i l t e r  Feed Auburn Autoclave 
Mean P a r t i c l e  S ize  Mean P a r t i c l e  S ize  

w 
4.5 
3.7 
3.8 
4.0 

7.2 
6.4 
7.5 
7.0 

4.8 

8.0 

6.8 
4.6 
5.7 10.6 

6.2 6.0 
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TABLE I V  

Correlation between Cake Resistivity and Mean 
Pa r t i c l e  Size of Wilsonville F i l t e r  Feed 

~~ 

Coal Cake Res is t iv i ty  AP Mean Par t ic le  Size 

Amax 0.8 x lo1' 45 7.0 (Ref 7 )  

Western Kentucky 1.13 x lo1' 60 5.7 (Ref 8 )  

Monterey 1.22 x 1012 60 4.0 (Ref 8 )  

ft/lbm (ps i )  (vm) 

Figure 1 

Verification of 
polystyrene par t ic le  
s i ze  

1 cm = 20um 

- I lr  
- 

!i Figure 2 

Photomicrograph of P 
Amax coal par t ic les  
(suspended i n  Carbowax) 

reaction (500x) 
a f t e r  60 minute autoclave P 

t 

* P I  
I * .9 @ f i . ,  t 

JI' n, * 1 

-clF (I ' 1  
A %  - 

i 1 cm = 20um 
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Figure 3 

Photomicrograph of 
P i t t s b u r g h  Seam coal particles 
(suspended i n  carbowax) a f t e r  
60 minute autoclave reaction 
(500x) 

1 cm = 20um 

Figure 4 

Photomicrograph of 
Western Kentucky coal particles 
(suspended in carbowax) 
a f t e r  60 minu te  autoclave 
reaction (500x) 

. .  

1 cm = 20pm m 
Figure 5 

Electronicrograph of 
Western Kentucky coal particles 
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction ( Z O O O X )  

1 cm = 5um 
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Figure 6 

Electronmicrograph of 
Monterey coal par t ic les  
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction ( 2 0 0 0 ~ )  

1 cm = 5 p  

Figure i 

Electromicrograph of 
blonterey coal par t ic le  
(on a Metricel f i l t e r )  
a f t e r  60 minute autoclave 
reaction (10,000~) 

1 cm = 1pm 
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ENGINEERING DEVELOPMENT OF THE CITIES SERVICE, 
SHORT RESIDENCE TIME (CS-SRT) PROCESS 

MARVIN I .  GREENE 

CITIES S E R V I C E  RESEARCH AIJD DEVELOPMENT COMPANY 
P .  0.  DRAWER 7 

CRANBURY, NEW JERSEY 08512 

H i s  t o r y  and Development o f  t h e  CS-SRT P r o c e s s  

C i t i c s  S e r v i c e  Research and Development Company (CSRD) , t h e  r e s e a r c h  
a r m  o f  t h e  C i t i e s  S e r v i c e  Company, has  been developing  a p r o c e s s  scheme 
named The CS-SRT P r o c e s s ,  f o r  t h e  n o n - c a t a l y t i c ,  vapor-phase,  hydro- 
g e n a t i o n  of  carbonaceous f e e d s t o c k s .  The i n i t i a l  and pr imary  emphasis 
i n  our  Energy Research Labora tory  was t o  apply  t h i s  technology t o  conver t  
c o a l  i n t o  p i p e l i n e  q u a l i t y  gas  and a t t r a c t i v e  byproduct  y i e l d s  of l i g h t  
aromatic (BTX) l i q u i d s .  

t h e  most p r o d u c t i v e  area o f  p r o c e s s  development would b e  t h a t  of s h o r t  
r e s i d e n c e  t i m e  hydrogenat ion .  A b r i e f  l i t e r a t u r e  review h a s  been p r e -  
s e n t e d  i n  our  p r e v i o u s  paper  a t  t h e  1976 ACS (San F r a n c i s c o )  meet ing (1). 

I n  t h e  summer o f  1974,  w e  d e s i g n e d  a 1-4 l b / h r  bench-sca le  u n i t  
c a p a b l e  of  o p e r a t i o n  a t  t empera tures  and p r e s s u r e s  t h a t  are s c a l a b l e  
w i t h i n  present -day ,  commercial t echnology.  A cold-f low model t o  t e s t  
coal-hydrogen mixing i n j e c t o r s  and t o  s t u d y  coal-hydrogen s l i p  v e l o c i t i e s  
was des igned  and c o n s t r u c t e d  i n  Autumn, 1974. C o n s t r u c t i o n  o f  t h e  bench- 
s c a l e  u n i t  began i n  December, 1974 and was completed i n  J u n e ,  1975 wi th  
t h e  shakedown o p e r a t i o n s  o c c u r r i n g  i n  t h e  Summer of 1975.  The f i r s t  
complete  m a t e r i a l  b a l a n c e  run w a s  made i n  August, 1975. S ince  t h a t  t i m e ,  
o v e r  125 runs have been  made w i t h  a v a r i e t y  of  f e e d s t o c k s  i n c l u d i n g  
l i g n i t e ,  bi tuminous and subbitmuninous c o a l s ,  o i l  s h a l e ,  t a r  sands  and 
c o a l  t a r s .  

a c o n c e p t u a l i z e d ,  commercial a p p l i c a t i o n  of  t h e  CS-SRT P r o c e s s  f o r  
producing  250 MM SCFD o f  p i p e l i n e  g a s  (and t h e  a s s o c i a t e d  byproduct  BTX- 
l i q u i d s )  from a mine-mouth p l a n t  i n  t h e  Montana/North Dakota r e g i o n .  
The r e s u l t s  o f  t h i s  work p o i n t e d  o u t  t h e  d r a m a t i c  e f f e c t  of  benzene 
byproduct  y i e l d  on lower ing  t h e  c o s t  of  s e r v i c e s  f o r  producing  p i p e l i n e  
g a s .  I n  September, 1976, CSRD r e t a i n e d  t h e  F o s t e r  Wheeler Energy Corp- 
wat ion t o  perform a prelininarv ensineerina design and cost study o f  the 
CS-SRT Process  t o  v a l i d a t e  t h e  r e s u l t s  o f  t h e  ea r l i e r  economic s t u d y .  
The r e s u l t s  of  t h i s  s t u d y  w i l l  b e  r e p o r t e d  i n  a s e p a r a t e  p a p e r .  

F u r t h e r  development o f  t h e  CS-SRT P r o c e s s  i s  b e i n g  undertaken i n  
s e v e r a l  programs s u p p o r t e d  j o i n t l y  by C i t i e s  S e r v i c e ,  Rocketdyne Div is ion  
o f  Rockwell I n t e r n a t i o n a l ,  and ERDA. Exper imenta l  tests a r e  c o n t i n u i n g  
i n  t h e  bench-sca le  u n i t  t o  e x p l o r e  c o n d i t i o n s  f o r  maximizing l i q u i d s  
y i e l d s  and a l s o  f o r  maximizing g a s  (methane, e t h a n e )  y i e l d s .  Process  
f l o w s h e e t  s t u d i e s  a r e  a l so  be ing  made. The n e x t  s t e p  of development 
o f  t h e  CS-SRT P r o c e s s  would r e q u i r e  about  a 6- inch d i a m e t e r ,  p i l o t  p l a n t  
r e a c t o r  capable  o f  p r o c e s s i n g  a b o u t  1 0 0  TPD c o a l .  T h i s  p i l o t - p l a n t  
would b e  one s c a l e u p  s t e p  away from a 12-inch d i a m e t e r ,  s i n g l e  tube, 
commercial-type o p e r a t i o n .  

when p r o c e s s i n g  a North Dakota l i g n i t e .  Some c o n c e p t u a l  commercial 
p r o c e s s i n g  a l t e r n a t i v e s  which a p p e a r  q u i t e  a t t r a c t i v e  are a l so  d iscussed .  

A review of  t h e  l i t e r a t u r e  e a r l y  i n  1974 l e d  t o  o u r  c o n c l u s i o n  t h a t  

I n  September, 1974 w o r k  was i n i t i a t e d  t o  e s t i m a t e  t h e  economics i n  

This  paper  summarizes t h e  a n a l y s i s  o f  t h e  bench-sca le  d a t a  o b t a i n e d  
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Experimental  Apparatus  

The bench-scale  u n i t ,  as d e s c r i b e d  i n  our  p r e v i o u s  paper ,  u t i l i z e d  
i n i t i a l l y  a d i l u t e - p h a s e ,  f r e e - f a l l  reactor w i t h  a movable quench 
probe.  Coal w a s  d e l i v e r e d  t o  t h e  hydrogen-coal mixing i n j e c t o r s  under  
g r a v i t y  f low from a s t a r - w h e e l ,  v o l u m e t r i c  f e e d e r  f e d  by a l o c k  hopper .  
The feeder-hopper  assembly s a t  d i r e c t l y  on  t o p  o f  t h e  reactor.  

t o  improve t h e  running  e f f i c i e n c y  of  t h e  tes t  program. T h i s  system 
a l s o  al lowed f o r  t h e  remote l o c a t i o n  and s a f e  access o f  t h e  c o a l  f e e d -  
i n g  equipment i n  an a d j a c e n t  l a b o r a t o r y  p r e s s u r e  ce l l .  The t r a n s p o r t e d  
coal was s e p a r a t e d  i n  a c y c l o n e  immediately upstream o f  t h e  coa l -hot  
hydrogen i n j e c t o r s  and c a r r i e d  i n t o  t h e  r e a c t o r .  The " c o l d "  hydrogen 
w a s  r e c y c l e d  back t o  a diaphragm compressor .  The compressor  diaphragms 
w e r e  p r o t e c t e d  a g a i n s t  e n t r a i n e d  s o l i d s  by use  of a s e t t l i n g  chamber 
and f i l t e r s  located on t h e  s u c t i o n - s i d e  o f  t h e  compressor .  

scale u n i t  s i n c e  t h e  i n i t i a l  t e s t i n g .  A d e s c r i p t i o n  of  t h e s e  r e a c t o r s  
is shown i n  F i g u r e  1. I n  t h e s e  "en t ra ined- f low" r e a c t o r s ,  a w i d e r  range  
o f  v a l u e s  of  s e v e r a l  i m p o r t a n t  parameters  i s  achieved  o v e r  t h a t  o f  t h e  
f r e e - f a l l  r e a c t o r :  

S i n c e  t h e  i n i t i a l  t e s t i n g ,  a c o a l  t r a n s p o r t  sys tem w a s  developed 

S e v e r a l  o t h e r  r e a c t o r  d e s i g n s  were a l so  i n c o r p o r a t e d  i n t o  t h e  bench- 

F r e e  F a l l  Entrained-Flow 

C o a l  F lux ,  l b / h r  f t 2  100-300 1500-35,000 
G a s  V e l o c i t y ,  f p s  0 -1-0.5 2-50 
Par t ic le  V e l o c i t y ,  f p s  0.5-8 2-50 
Gas Reynolds N o .  100-500 1000-6000 
P a r t i c l e  Residence T i m e ,  sec. 0.10-4 0.05-10 
Vapor Residence T i m e ,  sec. 2-30 0 -05-5 

The v e r t i c a l  e n t r a i n e d - f l o w  r e a c t o r  i s  used g e n e r a l l y  f o r  v e r y  
s h o r t  r e s i d e n c e  t i m e  s t u d i e s  (less t h a n  200 m i l l i s e c o n d s )  whereas  t h e  
h e l i c a l  en t ra ined- f low r e a c t o r s  a r e  used f o r  l o n g e r  r e s i d e n c e  t i m e s  
( c .a . ,  1-5 s ec . ) .  All of t h e  r e a c t o r s  used  i n  t h e  bench-sca le  u n i t  
are f a b r i c a t e d  from s t a i n l e s s  steel  316 a l l o y .  A " h o t  w a l l "  p r e s s u r e  
r e a c t o r  was used as t h e  b a s i s  of  d e s i g n  t o  e x p e d i t e  t h e  t e s t i n g  program. 
The l i f e  o f  t h e  h o t  w a l l  r e a c t o r ,  even a t  t h e  smal l  d i a m e t r a l  r a t i o s  used, 
i s  l i m i t e d  because o f  o p e r a t i o n  a t  h igh  stress levels .  T h e r e f o r e ,  c a r e -  
f u l  watch i s  m a i n t a i n e d  on t h e  i n s t a n t a n e o u s  c r e e p  s t r e n g t h  of each r e a c t o r  
and p r e h e a t e r  v e s s e l .  R e a c t o r s  are removed from s e r v i c e  b e f o r e  the cumu- 
l a t i v e  approach e q u a l s  25% o f  t h e  r u p t u r e  t i m e .  All reactors a r e  opera ted  
i n  t h e  c o n f i n e s  of  a h i g h - p r e s s u r e ,  e x p l o s i o n - p r o o f ,  l a b o r a t o r y  ce l l  wi th  
l o c k o u t  c o n t r o l s  d u r i n g  t e s t i n g .  

Temperature  and Residence Time Measurements 

Temperature o f  t h e  coal-hydrogen stream is a n  ex t remely  i m p o r t a n t  
v a r i a b l e  a f f e c t i n g  t h e  r a t e s  o f  h y d r o p y r o l y s i s  under  s h o r t  r e s i d e n c e  t i m e  
c o n d i t i o n s .  M o s t  e x p e r i m e n t e r s  involved  i n  c o n t i n u o u s ,  two-phase, c o a l -  
g a s  r e a c t i o n s  r e p o r t  r e a c t a n t  o r  r e a c t o r  t e m p e r a t u r e  as maximum r e a c t o r  
W a l l  t empera ture .  T h i s  l a t t e r  tempera ture  can v a r y  q u i t e  markedly from 
t h e  r e a c t a n t  t e m p e r a t u r e  depending  upon t h e  s i z e  and m a s s  o f  t h e  r e a c t o r ,  
c o a l  th roughput ,  e x o t h e r m i c i t y  of  r e a c t i o n ,  h e a t  l o s s e s ,  e t c .  Accordingly,  
w e  have developed s e v e r a l  m u l t i - d i m e n s i o n a l ,  computer ized ,  h e a t  t r a n s f e r  
models f o r  e s t i m a t i n g  r e a c t a n t  t e m p e r a t u r e s  from r e a c t o r  w a l l  thermocouple 
r e a d i n g s .  We have also used  e q u i v a l e n t ' i s o t h e r m a l  t e m p e r a t u r e  ( E I T )  
c a l c u l a t i o n s  t o  c h a r a c t e r i z e  t h e  non-isothermal  r e a c t i o n  c o n d i t i o n s .  E I T  
h a s  been found t o  be  a good c h a r a c t e r i z a t i o n  f a c t o r  i n  c o r r e l a t i n g  t r e n d s  
of h y d r o p y r o l y s i s  y i e l d s  w i t h  tempera ture .  
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P a r t i c l e  r e s i d e n c e  t i m e  i s  a n o t h e r  ex t remely  i m p o r t a n t  parameter  
a f f e c t i n g  h y d r o p y r o l y s i s  y i e l d s ,  p a r t i c u l a r y  under  s h o r t  r e s i d e n c e  t ime 
c o n d i t i o n s .  I n  t h e  case of  t h e  f r e e - f a l l  reactor, p a r t i c l e s  t r a v e r s e  
t h e  reactor under  t h e  i n f l u e n c e  of both  g r a v i t y  and e n t r a i n m e n t  by 
hydrogen. Char s e t t l i n g  veloci t ies  were c a l c u l a t e d  u s i n g  t h e  S tokes  
e q u a t i o n  f o r  nar row-s ize  ranges  of p a r t i c l e s .  C o r r e c t i o n s  w e r e  a p p l i e d  
f o r  t h e  wider-range s i z e  d i s t r i b u t i o n s  used  i n  t h e  bench-sca le  o p e r a t i o n  
by c a l c u l a t i n g  a surface-volume average p a r t i c l e  d i a m e t e r .  Based o n  
s t u d i e s  by Wen and Huebler  (2), c o r r e c t i o n s  f o r  gas  e n t r a i n m e n t ,  uneven 
p a r t i c l e  d i s t r i b u t i o n s  and p a r t i c l e  c loud  d e n s i t y  w e r e  a lso made. 

For  t h e  c a s e  o f  e n t r a i n e d - f l o w  reactors, p a r t i c l e  r e s i d e n c e  t i m e s  
are d i r e c t l y  c o r r e l a t e d  w i t h  t h e  s u p e r f i c i a l  hydrogen v e l o c i t i e s .  For  
b o t h  cases, a comprehensive exper imenta l  (cold-f low) program i s  underway 
i n  o r d e r  t o  measure a c c u r a t e l y  p a r t i c l e  r e s i d e n c e  t i m e s  i n  bo th  f r e e -  
f a l l  and en t ra ined- f low reactors. 

Coal P r e p a r a t i o n  

W e t  North Dakota l i g n i t e  was r e c e i v e d  i n  drums from t h e  Grand Forks 
Energy Research Center .  P r i o r  t o  d r y i n g ,  t h e  l i g n i t e  w a s  reduced t o  
l /2- inch  x 0 p a r t i c l e  s i z e  u s i n g  a r o t a r y  j a w  m i l l  b l a n k e t e d  w i t h  n i t r o g e n .  
Drying w a s  done e i t h e r  i n  a l a b o r a t o r y ,  f ixed-bed d r i e r  a t  1 5 "  Hg vacuum 
or i n  a n  i n d u s t r i a l ,  f l u i d - b e d  d r y e r ,  b o t h  under  n i t r o g e n  b l a n k e t i n g .  
I n  both  cases, t h e  maximum l i g n i t e  tempera ture  was l i m i t e d  t o  230-250°F. 
Mois ture  w a s  reduced  from 35% t o  less t h a n  5%. The l i g n i t e  w a s  t h e n  
p u l v e r i z e d  u s i n g  e i t h e r  a Sweco b a l l  m i l l  o r  a Mikropul  hammer m i l l .  I n  
b o t h  cases, a n i t r o g e n  atmosphere w a s  m a i n t a i n e d .  An 18- inch ,  cont inuous  
Sweco siever, f e d  by a Synt ron  v i b r a t i n g  f e e d e r ,  w a s  used  t o  s i e v e  t h e  
d r i e d ,  p u l v e r i z e d  l i g n i t e  t o  s p e c i f i c a t i o n .  

Immediately p r i o r  t o  a r u n ,  t h e  l i g n i t e  c h a r g e  t o  t h e  u n i t  was d r i e d  
a g a i n ,  under vacuum, i n  t h e  l a b o r a t o r y  t r a y  d r i e r .  An a l i q u o t  sample 
from a r i f f l e r  was . taken  f o r  every  b a t c h  o f  c o a l  f e d  t o  t h e  bench-sca le  
u n i t .  The a n a l y s i s  o f  t h i s  sample was used  as t h e  b a s i s  f o r  t h e  m a t e r i a l  
b a l a n c e  c a l c u l a t i o n s  f o r  each run.  A t y p i c a l  a n a l y s i s  w a s  shown i n  our  
p r e v i o u s  paper  (1). 

M a t e r i a l  Balance C a l c u l a t i o n s  

A s  a r e s u l t  o f  u s i n g  hydrogen as b o t h  t h e  p r e h e a t i n g  gas  and t h e  
quenching gas ,  t h e  c o a l - d e r i v e d ,  r e a c t i o n  p r o d u c t s  are v e r y  d i l u t e  i n  
hydrogen. Liquor  and a r o m a t i c  o i l s  ( b o i l i n g  above BTX) are condensed 
u s i n g  c o n v e n t i o n a l  i n d i r e c t  h e a t  exchange. The l i g h t e r  p r o d u c t s ,  methane 
through BTX, are measured u s i n g  gas  chromatography combined w i t h  ca l i -  
b r a t e d  f low meters. Rotameters ,  o r i f i c e  m e t e r s  and t u r b i n e  meters are 
used t o  measure g a s  f low.  Redundancy i n  f low meter ing  w a s  i n c o r p o r a t e d  
i n t o  t h e  d e s i g n  of  t h e  bench-scale  u n i t  i n  o r d e r  t o  minimize u n c e r t a i n t y  
i n  c a l c u l a t i o n  o f  t h e  gaseous product  y i e l d s .  

A l l  s o l i d  and l i q u i d  p r o d u c t s  are weighed a f t e r  e v e r y  run.  The re- 
actors were examined a f t e r  each run  and found t o  be  f r e e  o f  d e p o s i t s .  
The recovery  sys tem i s  purged w i t h  high p r e s s u r e  steam a f t e r  e v e r y  r u n  i n  
o r d e r  t o  remove any hydrocarbons o r  c h a r  t h a t  does  n o t  r e a d i l y  d isengage  
from t h e  t u b i n g  s u r f a c e s ,  v a l v e s ,  receivers, etc. These hydrocarbons and 
c h a r  are recovered  from t h e  steam condensa te  by e x t r a c t i o n  w i t h  e t h e r  and 
are inc luded  i n  t h e  mater ia l  ba lance .  

BTX m a t e r i a l  f rom t h e  ambient  (7OoF) hydrogen stream a f t e r  G .  C. a n a l y s i s .  
The weighed amount o f  BTX l i q u i d s  r e c o v e r e d  from t h i s  condenser  checked 

A packed c r y o g e n i c  condenser  w a s  developed t o  condense t h e  r e s i d u a l  
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w i t h  t h e  chromatographica l ly-de termined ,  BTX c o n t e n t  of t h e  g a s  stream 
e n t e r i n g  t h e  c r y o g e n i c  condenser .  Carbon b a l a n c e s  of  90-105% are  ob- 
t a i n a b l e .  Hydrogen consumption is c a l c u l a t e d  b o t h  1) by d i f f e r e n c e  of 
measured feed and p r o d u c t  s t r e a m s  and 2 )  by  e lementa l  hydrogen ba lance  
between f e e d  and product  streams. Ash b a l a n c e s  are 90-100%.  The c a l c u -  
l a t e d  oxygen b a l a n c e s  are 100+10%. Ni t rogen  and s u l f u r  b a l a n c e s  a r e  
c a l c u l a t e d  by d i f f e r e n c e  b e c a u s e  o f  t h e  v e r y  low q u a n t i t i e s  o f  t h e s e  
elements i n  l i g n i t e  and l i g n i t e - d e r i v e d ,  h y d r o p y r o l y s i s  p r o d u c t s .  G a s  
y i e l d s  a re  c a l c u l a t e d  based  on  c o a l  f e d  t o  t h e  r a c t o r  and c o r r e c t e d  t o  
100% carbon b a l a n c e .  

CS-SRT Process  T e c h n o l o w  

Mechanism 
The mechanisms i n v o l v e d  i n  s h o r t  r e s i d e n c e  t i m e  h y d r o p y r o l y s i s  of 

c o a l  are exceedingly  complex. Coal c o n s i s t s  of  many t y p e s  o f  s t r u c t u r e s  
each  w i t h  d i f f e r e n t  bond s t r e n g t h s .  The i n i t i a l  coal convers ion  r e a c t i o n s  
are c o n t r o l l e d  b y  a thermal mechanism. Bond breaking  w i l l  c l o s e l y  fo l low 
t h e  r a p i d  h e a t i n g  p r o f i l e  imposed on  t h e  coal.  Weak bonds w i l l  r u p t u r e  
a t  t h e  lower t e m p e r a t u r e s  and  decomposi t ion p r o d u c t s  t h a t  a r e  v o l a t i l e  
w i l l  e scape  t h e  p a r t i c l e  u n d e r  t h e  d r i v i n g  f o r c e  o f  a c o n c e n t r a t i o n  o r  
p a r t i a l  p r e s s u r e  g r a d i e n t .  As t empera ture  i s  i n c r e a s e d ,  s t r o n g e r  bonds 
w i l l  b reak  and t h e  v o l a t i l e s  w i l l  f o l l o w  t h e  s a m e  escape  mechanism. These 
r e a c t i o n s  are ex t remely  r a p i d ,  o f  the  o r d e r  of  m i l l i s e c o n d s .  Many of  
t h e s e  d e v o l a t i l i  zed s p e c i e s  are h i g h l y  r e a c t i v e  and w i l l  undergo secondary 
decomposi t ion r e a c t i o n s  t o  form condensed and polymerized molecules  gen- 
e r a l l y  c l a s s i f i e d  as a s p h a l t e n e s  and c h a r .  However, these a s p h a l t e n e s  
can b e  s t a b i l i z e d  i n  t h e  b u l k  phase and removed as s i n g l e  or double-r ing 
aromatics by imposing t h e  p r o p e r  hydrogen p a r t i a l  p ressure- tempera ture-  
r e s i d e n c e  t i m e  p r o f i l e .  

d e s c r i b e s  t h e  vapor-phase,  s h o r t  r e s i d e n c e  t i m e ,  hydrogenat ion  p r o c e s s  : 
I n  terms o f  macro- reac t ions ,  t h e  f o l l o w i n g  s i m p l i f i e d  mechanism 

GAS GAS 
H2 

A GAS 
H2 + COAL- TAR OIL BENZENE 

CHAR 

Although benzene is v e r y  stable, it t o o  w i l l  decompose a t  e l e v a t e d  t e m -  
p e r a t u r e s  a s  shown by R. Graf f  and coworkers a t  CUNY ( 3 ) .  Extended 
r e s i d e n c e  t i m e s  w i l l  also r e s u l t  i n  benzene decomposi t ion as r e p o r t e d  by 
V i r k ,  e t .  a l .  ( 4 ) .  Normally,  benzene decomposi t ion i n  a hydrogen atmos- 
phere  would r e s u l t  i n  methane as t h e  main decomposi t ion product .  However, 
it a p p e a r s  t h a t  i n  the case of benzene format ion  v i a  s h o r t  r e s i d e n c e  time 
c o a l  h y d r o p y r o l y s i s ,  c h a r  p a r t i c l e s  c a t a l y z e  t h e  benzene-to-coke r o u t e  of  
decomposi t ion.  T h e r e f o r e ,  r a p i d  quenching o f  t h e  product  v a p o r s  is 
n e c e s s a r y  f o r  t h e  s t a b i l i z a t i o n  and recovery  of a r o m a t i c  l i q u i d s .  The 
q u a n t i t a t i v e  sequence of t h e  i n  s i t u  hydrogenat ion  of t a r s  t o  heavy o i l  
t o  l i g h t  a romat ics  is  shown i n  F i g u r e  2 .  

Coal Oxygen Reac t ions  
Process ing  of l i g n i t e ,  because  of i t s  high oxygen c o n t e n t ,  p rovides  

Some i n t e r e s t i n g  o b s e r v a t i o n s  a b o u t  t h e  mechanism of  s h o r t  r e s i d e n c e  t i m e  
h y d r o p y r o l y s i s .  The g a s e o u s  p r o d u c t s  o b t a i n e d  a t  v e r y  s h o r t  r e s i d e n c e  
t i m e  w e r e  r i c h  i n  carbon d i o x i d e  w h i l e  t h o s e  o b t a i n e d  a t  l o n g e r  res idence  
t i m e  w e r e  d e p l e t e d  o f  e s s e n t i a l l y  al l  carbon d i o x i d e .  This  l e a d  to t h e  
c o n c l u s i o n  t h a t  one of  t h e  i n i t i a l  r e a c t i o n s  of s h o r t  r e s i d e n c e  t i m e  

I 
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hydrogenat ion of  l i g n i t e  is t h e  p y r o l y s i s  o f  c a r b o x y l i c  oxygen s t r u c t -  
u r e s  ( d e c a r b o x y l a t i o n ) .  T h i s  a g r e e s  w i t h  t h e  work r e p o r t e d  by James 
Johnson a t  IGT ( 5 ) .  Once i n t o  t h e  vapor  phase ,  carbon d i o x i d e  hydro- 
g e n a t e s  t o  form carbon monoxide and water by t h e  r e v e r s e  water-gas  
s h i f t  r e a c t i o n .  Carbon monoxide w i l l  react  f u r t h e r  w i t h  hydrogen t o  
form methane and a d d i t i o n a l  water by t h e  methanat ion  r e a c t i o n .  These 
r e l a t i o n s h i p s  are shown i n  F i g u r e s  3 and 4 which show t h e  y i e l d s  o f  
water and methane r e s p e c t i v e l y  a s  a f u n c t i o n  o f  CO2/CO r a t i o .  The f a c t  
t h a t  t h e s e  r e l a t i o n s h i p s  w e r e  found i n  t h e  l / l - i n c h  e n t r a i n e d - f l o w  
r e a c t o r  and i n  t h e  1 .1- inch ,  f r e e - f a l l  r e a c t o r ,  where t h e  surface/volume 
r a t io  v a r i e d  from about  50 t o  500 i n  -I, t e n d s  t o  i n d i c a t e  t h a t  t h e s e  
vapor-phase r e a c t i o n s  were n o t  c a t a l y z e d  by t h e  SS 316 reactor w a l l .  
E q u i l i b r i u m  c a l c u l a t i o n s  of  t h e  reactor e f f l u e n t  a l s o  show t h a t  a)  methane 
is approached from t h e  carbon monoxide s i d e  of t h e  s team-reforming 
r e a c t i o n  and b )  carbon monoxide i s  approached from t h e  carbon d i o x i d e  
s i d e  of t h e  water-gas  s h i f t  r e a c t i o n .  

C o a l  Hydrogen Reac t ions  
Another f e a t u r e  o f  t h e  CS-SRT Process  ( a s  w e l l  as manv o t h e r  d i r e c t  

c o a l  hydrogenat ion p r o c e s s e s )  i s  . the  u t i l i z a t i o n  o f  coal hGdrogen. Coal 
dehydrogenat ion i n c r e a s e s  c o n t i n u o u s l y  a s  hydrogenat ion  s e v e r i t y  and 
coal convers ion  are i n c r e a s e d .  During t h e  i n i t i a l  p y r o l y s i s  s t a g e  o f  
s h o r t  r e s i d e n c e  t i m e  hydrogenat ion ,  t h e  r a t e  o f  c o a l  dehydrogenat ion  is 
i n c r e a s i n g  f a s t e r  t h a n  hydrogen i s  b e i n g  consumed. The ra te  o f  c o a l  de- 
hydrogenat ion appears  t o  reach  a maximum a t  a b o u t  3 0 %  carbon c o n v e r s i o n  
as shown i n  F i g u r e  5.  A t  t h i s  p o i n t ,  approximate ly  50% o f  t h e  hydrogen 
consumption i s  coming d i r e c t l y  from t h e  c o a l .  T h i s  p o i n t  a lso c o r r e -  
sponds t o  t h e  end o f  t h e  p y r o l y s i s  mechanism and t h e  i n i t i a t i o n  of t h e  
c h a r  hydrogenat ion s t a g e .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  3 0 %  carbon con- 
v e r s i o n  corresponds t o  43% c o a l  (MF b a s i s )  convers ion  which i s  i d e n t i c a l  
t o  t h e  ASTM v o l a t i l e  matter f o r  l i g n i t e .  

Furthermore,  a t  carbon convers ions  g r e a t e r  t h a n  a b o u t  3 0 % ,  hydrogen 
p a r t i a l  p r e s s u r e  has  a pronounced e f f e c t  on carbon c o n v e r s i o n .  The f l u x  
of  v o l a t i l e s  e s c a p i n g  t h e  coal p a r t i c l e s  d e c r e a s e s  g r e a t l y  above t h e  30% 
carbon convers ion  l e v e l .  This  r e s u l t s  i n  i n c r e a s e d  hydrogen c o u n t e r d i f -  
f u s i o n  i n t o  t h e  c h a r  s t r u c t u r e  a l l o w i n g  more r e a c t i o n  between hydrogen and 
carbon s i t e s .  Higher  hydrogen p r e s s u r e s  g r e a t l y  i n f l u e n c e  t h e  d i f f u s i o n  
o f  hydrogen i n t o  t h e  p a r t i c l e .  T h i s  i s  shown i n  F i g u r e  6 and a g r e e s  wi th  
t h e  work of  James Gray and coworkers a t  PERC ( 6 ) .  

Rapid-Rate Carbon 
One o f  t h e  p r i n c i p a l  c o r r e l a t i o n  tools  o f  s h o r t  r e s i d e n c e  t i m e  

h y d r o p y r o l y s i s  is  t h e  ;ate of  convers ion  o f  r a p i d - r a t e . c a r b o n  ( 7 ) .  The 
l a t t e r  i s  a measure of t h e  t o t a l  t h e o r e t i c a l  amount o f  c o a 1 , c a r b o n  t h a t  
can be  conver ted  under  " r a p i d "  hydrogenat ion  c o n d i t i o n s .  The ra te  i t s e l f  
is p r o p o r t i o n a l  t o  hydrogen p a r t i a l  p r e s s u r e  and t h e  amount of r a p i d - r a t e  
carbon m a t e r i a l  remaining.  Rapid- ra te  carbon i s  a f u n c t i o n  o f  c o a l  t y p e ,  
p a r t i c l e  s i z e ,  t e m p e r a t u r e  and p r e s s u r e  and is a d i f f i c u l t  parameter  t o  
measure. Although t h i s  k i n e t i c  tool  cannot  be  used  as a p r e d i c t i v e  tech-  
n i q u e  u n l e s s  a l l  of  t h e s e  f u n c t i o n a l i t i e s  are known, it can  be  used t o  
demonst ra te  t h e  re la t ive  e f f e c t s  o f  d i f f e r e n t  h y d r o p y r o l y s i s  d a t a  ac-  
q u i s i t i o n  methods. 

a c a p t i v e  sample t e c h n i q u e  f o r  d a t a  a c q u i s i t i o n  r e p o r t e d  a pseudo-ra te  
c o n s t a n t  of 50 a t m - l  h r - l .  
from f r e e - f a l l  reactor t e s t  aata r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 8 )  r e s u l t s  i n  
a v a l u e  of a b o u t  8 a t m - l  h r  f o r  l i g n i t e .  Both sets o f  d a t a  were based 
on t h e  assumption t h a t  t h e  r a p i d - r a t e  l i g n i t e  carbon a v a i l a b l e  f o r  r a p i d  
hydrogenat ion  i s  100%.  I f  t h e  a c t u a l  r a p i d - r a t e  carbon f o r  l i g n i t e  i s  less 

When- p r o c e s s i n g  a l i g n i t e  a t  about  85OoC, r e s e a r c h e r s  ( 7 )  u t i l i z i n g  

C a l c u l a t i o n  of  t h e  pseudo-ra te  c o n s t a n t  
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t h a n  l o o % ,  then t h e  r e s p e c t i v e  pseudo-ra te  c o n s t a n t s  would b o t h  show 
cor responding  i n c r e a s e s .  

i s  230 a t m  -1 h r -  , 5 t o  30 t i m e s  g r e a t e r  t h a n  t h a t  o f  t h e  l i t e r a t u r e  
d a t a ,  r e s p e c t i v e l y .  T h i s  CS-SRT pseudo-ra te  c o n s t a n t  w a s  based  on d a t a  
o b t a i n e d  wi th  t h e  t u r b u l e n t ,  en t ra ined- f low reactor equipped w i t h  a 
h i g h l y  e f f i c i e n t ,  c o a x i a l ,  coal-hydrogen mixing i n j e c t o r .  Thus, it can  
be  s e e n  t h a t  i n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  
-conceptua l  CS-SRT reactor ,  it is i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  
based  on d a t a  a c q u i r e d  from a bench-scale  u n i t  t h a t  h a s  been o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  scalable t o  t h e  commercial reactor concept .  

The pseudo-rate  c o n s t a n t  for l i g n i t e  a t  85OoC f o r  t h e  CS-SRT Process 

CS-SRT Conceptual  P r o c e s s  

A conceptua l  p l a n t  d e s i g n  f o r  producing  250 MM SCFD of  p i p e l i n e  gas  
and 6300 BPD o f  aromatic l i q u i d s  has  been developed.  The d e s i g n  was based 
on d a t a  o b t a i n e d  when p r o c e s s i n g  a North Dakota l i g n i t e  i n  t h e  bench-scale  
u n i t .  S e v e r a l  a l t e r n a t i v e  p r o c e s s i n g  sequences  have been  examined b u t  an  
o p t i m i z a t i o n  has  n o t  been  under taken .  When more d e f i n i t i v e  test  d a t a  be- 
come a v a i l a b l e ,  as would be g e n e r a t e d  i n  a p i l o t  p l a n t ,  a c o n c e p t u a l  process  
o p t i m i z a t i o n  w i l l  be  performed.  The b a l a n c e  o f  t h i s  p a p e r  d e a l s  w i t h  t h e  
p r o c e s s i n g  requi rements  a b o u t  t h e  r e a c t o r  system i n c l u d i n g  coal d r y i n g ,  
c o a l  f e e d i n g ,  S R T - r e a c t o r  d e s i g n s  and quench. Detai ls  of  t h e  downstream 
p r o c e s s i n g ,  hydrogen p r o d u c t i o n  and o f f s i t e s  are p r e s e n t e d  i n  a n o t h e r  
p a p e r  a t  t h i s  meet ing.  

Design Basis 
A f t e r  c a r e f u l  a n a l y s i s  of  t h e  CS-SRT P r o c e s s  d a t a  and p a t e n t s ,  t h e  

1. "Slow" h e a t i n g  o f  coal t o  t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  temper- 

2 .  "Rapid" h e a t i n g  o f  coal from t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  t e m -  

f o l l o w i n g  r e a c t o r  d e s i g n  basis w a s  e s t a b l i s h e d  f o r  t h e  c o n c e p t u a l  p l a n t :  

a t u r e  i n  o r d e r  t o  i n c r e a s e  t h e r m a l  e f f i c i e n c y :  

p e r a t u r e  t o  h y d r o g e n a t i o n  t e m p e r a t u r e  i n  o r d e r  t o  maximize ra te  
o f  convers ion:  

minimize t h e  number of  streams t o  be  handled:  
3 .  U s e  o f  t h e  r e a c t a n t ,  hydrogen,  as t h e  h e a t  carrier i n  o r d e r  t o  

4 .  T o t a l  r e s i d e n c e  t i m e  less t h a n  two seconds:  
5. Rapid quenching o f  p r o d u c t  vapors  t o  p r e v e n t  secondary  decom- 

6 .  Recovery o f  h i g h  t e m p e r a t u r e  h e a t  from t h e  r e a c t o r  e f f l u e n t .  

C o a l  Dryin 
L i g n i t e  dr;ing on t h e  commercial-scale  t y p i c a l  o f  a n  SNG p l a n t  h a s  

an energy  requi rement  o f  a b o u t  16 b i l l i o n  BTU/day which e q u a t e s  t o  about  
5.5% o f  t h e  h e a t i n g  v a l u e  (HHV) of  t h e  l i g n i t e .  I n  c o n v e n t i o n a l  d r y i n g  
methods, t h i s  h e a t  i s  s u p p l i e d  from h o t  combusted f u e l  gas .  E f f i c i e n t  
l i g n i t e  d r y i n g  is a r e l a t i v e l y  new technology and c o n v e n t i o n a l  p r o c e s s e s  
have been  a p p l i e d  t o  r e d u c i n g  t h e  m o i s t u r e  from 35% t o  o n l y  a b o u t  10-15%. 
I n  t h e  case of t h e  CS-SRT P r o c e s s ,  any m o i s t u r e  e n t e r i n g  t h e  r e a c t o r  w i l l  
b e  evapora ted  a t  t h e  r e l a t i v e l y  h igh  SRT r e a c t i o n  t e m p e r a t u r e s .  This  
h e a t  d u t y  w i l l  o f  c o u r s e  c o m e  from t h e  h o t  r e c y c l e  hydrogen stream. There- 
f o r e ,  a d e s i g n  s p e c i f i c a t i o n  of 3% l i g n i t e  m o i s t u r e  w a s  set  i n  o r d e r  t o  
improve t h e  r e a c t o r  h e a t  b a l a n c e .  Reduct ion t o  3 %  u s i n g  c o n v e n t i o n a l  
d r y i n g  technology may p r o v e  d i f f i c u l t  due t o  t h e  long  r e s i d e n c e  times 
r e q u i r e d  i n  gas  conveyor- type d r y e r s .  

make us  o f  t h e  l a r g e  q u a n t i t y  o f  low l e v e l  h e a t  a v a i l a b l e  i n  t h e  form of 
60 P s i  s team. T h i s  steam i s  a s s o c i a t e d  w i t h  t h e  i n e f f i c i e n c i e s  i n  t h e  

p o s i t i o n  r e a c t i o n s :  

To circumvent  t h e s e * p r o b l e m s ,  coal d r y i n g  i n  t h e  CS-SRT P r o c e s s  w i l l  
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a many p r o c e s s i n g  s t e p s  i n  a l l  c o a l  c o n v e r s i o n  p l a n t s .  I n  t h e  CS-SRT Process ,  

it i s  b e l i e v e d  t h a t  60 p s i  steam w i l l  account  f o r  a b o u t  5% o f  t h e  h e a t i n g  
value of  t h e  c o a l  f e d  t o  t h e  p l a n t .  

w a t e r  as a r e s u l t  o f  t h e  a z e o t r o p e  formed between w a t e r  and benzene (156OF, 
1 a t m ,  30 m o l %  water, 70 m o l %  benzene) .  Benzene is chosen s i n c e  it is 
a byproduct  o f  t h e  CS-SRT P r o c e s s  t h e r e b y  minimiz ing  t h e  h a n d l i n g  of  
a d d i t i o n a l  chemica ls .  Accordingly,  w e t  l i g n i t e  w i l l  be p u l v e r i z e d  and 
s l u r r i e d  w i t h  benzene as shown i n  F i g u r e  7 .  The s l u r r y  w i l l  t h e n  b e  f e d  t o  
a n  ebul la ted-bed  c o n t a c t o r  where it is  h e a t e d  by an i n e r t  r e c y c l e  gas stream. 
The g a s  Stream w i l l  o b t a i n  i t s  h e a t  by i n d i r e c t  h e a t  exchange w i t h  t h e  
60 p s i  steam s o u r c e .  Proper  d e s i g n  of t h e  e b u l l a t e d - b e d ,  which f a l l s  wi th-  
i n  C i t i e s  S e r v i c e ' s  LC-Fining technology,  w i l l  r e s u l t  i n  t h e  v a p o r i z a t i o n  
o f  t h e  benzene-water a z e o t r o p e .  Condensat ion o f  t h e  a z e o t r o p i c  vapors  
r e s u l t s  i n  t h e  recovery  of  a r e l a t i v e l y  p u r e  l i q u i d  benzene stream and a 
l i q u i d  w a t e r  stream. The benzene is  r e c y c l e d  and t h i s  w a t e r ,  g e n e r a t e d  
i n t e r n a l l y  w i t h i n  t h e  p r o c e s s ,  w i l l  b e  a v a i l a b l e  f o r  p l a n t  use  i n  t h e  
g a s i f i e r s  o r  s h i f t  reactors. T h i s  w a t e r  can account  f o r  approximate ly  40% 
o f  t h e  t o t a l  p r o c e s s  water needed i n  t h e  CS-SRT complex and can r e s u l t  i n  
water s a v i n g s  o f  a b o u t  2000 a c r e - f t / y r .  

The " d r i e d "  coal-benzene s l u r r y  w i l l  be  drawn from t h e  ebul la ted-bed  
w i t h  less t h a n  3% water  c o n t e n t .  The s l u r r y  w i l l  now r e a d i l y  be a v a i l -  
a b l e  f o r  downstream p r o c e s s i n g  i n  t h e  coal f e e d  s e c t i o n .  

Furthermore,  advantage  i s  t a k e n  of  t h e  b o i l i n g  p o i n t  d e p r e s s i o n  o f  

Coal Feedinq 
S i n c e  t h e  CS-SRT P r o c e s s  u t i l i z e s  a p r e s s u r i z e d  g a s i f i e r ,  it h a s  t h e  

same problems r e g a r d i n g  t h e  f e e d i n g  o f  c o a l  i n t o  a p r e s s u r e  v e s s e l  as do 
o t h e r  p r e s s u r i z e d  g a s i f i c a t i o n  p r o c e s s e s ,  s u c h  as BI-GAS, HYGAS, and 
SYNTHANE. One major  d i f f e r e n c e  and advantage  i s  t h a t  t h e  CS-SRT Process 
produces benzene, a s o l v e n t  t h a t  can be  used t o  m a i n t a i n  a p r e s s u r e  seal. 
T h e r e f o r e ,  t h e  low p r e s s u r e ,  l i g n i t e - b e n z e n e  s l u r r y  from t h e  c o a l  d r y i n g  
s e c t i o n  w i l l  be pumped t o  sys tem p r e s s u r e  w i t h  a p o s i t i v e  d isp lacement  
i n j e c t i o n  pump. The benzene w i l l  b e  s u b s e q u e n t l y  f l a s h e d  away from t h e  
l i g n i t e  i n  a d r i e r  n e a r  i t s  c r i t i c a l  p o i n t .  Benzene c o n t e n t  o f  t h e  d r i e d  
coal should  be ex t remely  low as a r e s u l t  o f  t h e  purg ing  e f f e c t  o f  t h e  
benzene- f ree ,  f l u i d i z i n g  g a s .  

d e l i v e r e d  t o  a dense-phase t r a n s p o r t  system (see F i g u r e  8 )  s imi l a r  t o  t h a t  
d e s c r i b e d  by Rocketdyne D i v i s i o n  of Rockwell I n t e r n a t i o n a l  ( 9 ) .  Laboratory 
tests havesshown l i g n i t e  d r i e d  from a benzene s l u r r y  to  be f ree- f lowing .  
I t  i s  b e l i e v e d  t h a t  t h e  s m a l l  q u a n t i t y  o f  benzene remain ing  i n  t h e  c o a l  
p o r e s  w i l l  e n t e r  t h e  r e a c t o r  and be  c a r r i e d  through a l o n g  w i t h  t h e  product  
g a s e s  w i t h o u t  undergoing decomposi t ion.  

L i g n i t e  w i t h  less t h a n  3% water and a t  system p r e s s u r e  w i l l  then  be 

Reac tor  Design 
Rapid h e a t i n g  of  c o a l  may be  achieved  by mixing h o t  r e c y c l e  hydrogen 

w i t h  t h e  dense-phase, t r a n s p o r t e d  c o a l  i n  an i n j e c t o r  assembly a t  t h e  in-  
l e t  o f  t h e  reactor.  With p r o p e r l y  d e s i g n e d  i n j e c t o r s ,  mixing i s  r a p i d  on 
t h e  o r d e r  of a few m i l l i s e c o n d s .  Once mixed t h e  c o a l  and hydrogen w i l l  
t r a v e r s e  t h e  reactor upwards under  c o n d i t i o n s  of  f a s t  f l u i d i z a t i o n  t o  
allow i n t i m a t e  c o n t a c t  between hydrogen and c o a l  p a r t i c l e s .  The temper- 
a t u r e  and f l o w r a t e s  o f  t h e  h o t  r e c y c l e  g a s  and coal r e s p e c t i v e l y  w i l l  be 
se t  t o  a l low t h e  CS-SRT r e a c t i o n s  t o  proceed  a d i a b a t i c a l l y  and exotherm- 
i c a l l y .  The r e c y c l e  hydrogen/coal  r a t i o  is a c r i t i c a l  parameter  a f f e c t i n g  
n o t  o n l y  t h e  r e a c t o r  h e a t  b a l a n c e  and r e a c t o r  k i n e t i c s  b u t  a l so  t h e  cost 
of  downstream p r o c e s s i n g  equipment. 

A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p  and s h o r t  r e s i d e n c e  t i m e  f e a t u r e s  of 
t h e  CS-SRT P r o c e s s ,  ex t remely  high coal t h r o u g h p u t s  are p o s s i b l e ,  o f  t h e  
o r d e r  o f  2000 l b / h r  f t 3  o f  reactor volume. F o r  t h e  case of a 250 MM SCFD 
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p l a n t  (and a s s o c i a t e d  BTX p r o d u c t i o n ) ,  o n l y  t h r e e  r e a c t o r s  w i l l  be  re- 
q u i r e d ,  each c a p a b l e  of p r o c e s s i n g  roughly  200 TPH c o a l  th rough a 3 1 / 2  
f t  i n s i d e  d iameter .  

Multi-Tube Reac tor  Concept  
The combinat ion o f  o p e r a t i n q  a t  a minimum hydroqen/coal  recycle r a t i o  

under  exothermic  c o n d i t i o n s  can G e s u l t  i n  e x c e s s i v e  tempera ture  Gises . 
T h i s  could  r e s u l t  i n  loss o f  v a l u a b l e  benzene due to  t h e  a d v e r s e  k i n e t i c s  
f a v o r i n g  benzene decomposi t ion .  Fur thermore ,  s i n c e  c o a l  i s  b e i n g  t r a n s -  
p o r t e d  i n  dense-phase i n  a series o f  t u b e s  t o  a mul t i -e lement  i n j e c t o r  
assembly,  a mul t i - tube  reactor concept  appears  p l a u s i b l e .  

exchange i s  b e i n g  developed.  High p r e s s u r e  s t e a m  g e n e r a t i o n  (1500 p s i )  
can b e  used on t h e  c o o l a n t  s i d e  t o  m a i n t a i n  an i s o t h e r m a l  t u b e  w a l l .  
However, by u s i n g  a c o o l a n t ,  such a s  a molten meta l ,  h e a t  can  b e  absorbed 
non- i so thermal ly  w h i l e  a l l o w i n g  c o n t r o l  of t h e  t e m p e r a t u r e  p r o f i l e  w i t h i n  
t h e  r e a c t o r  t u b e .  T h i s  h e a t  can a l s o  b e  used f o r  h i g h  t e m p e r a t u r e  h e a t  
exchange e l sewhere  i n  t h e  p r o c e s s .  C o n t r o l  of t h e  reactor t e m p e r a t u r e  
p r o f i l e  w i l l  a f f o r d  t h e  p l a n t  o p e r a t o r  t h e  a b i l i t y  t o  v a r y  p r o d u c t  spectrum, 
c o n v e r s i o n  and turndown. 

I n  one c o n c e p t u a l  case, molten sodium i s  used  t o  1) c o n t r o l  t h e  
reactor tempera ture  p r o f i l e  and 2 )  l i m i t  tube w a l l  t e m p e r a t u r e  i n  c o n t a c t  
w i t h  coal-hydrogen r e a c t a n t s  t o  1200°F. O t h e r  molten meta l  sys tems,  such 
as molten lead  o r  a 2 2 %  sodium/78% potass ium e u t e c t i c ,  a re  a lso under 
c o n s i d e r a t i o n .  The r e a c t o r  d e s i g n  might  c o n s i s t  o f  1 2  a l l o y  h e a t  t r a n s f e r  
tubes c o n t a i n i n g  t h e  r e a c t a n t s  a t  sys tem p r e s s u r e .  The t u b e s  are immersed 
i n  t h e  molten m e t a l  envi ronment ,  a l s o  a t  sys tem p r e s s u r e ,  w i t h i n  a re- 
f r a c t o r y - l i n e d  p r e s s u r e  v e s s e l .  The t u b e s  w i l l  b e  a b o u t  12-inches i n  
d i a m e t e r  and f i t  w i t h i n  t h e  3 1 / 2  f t .  i . d .  v e s s e l .  The major  advantages 
of t h i s  r e a c t o r  d e s i g n  are b e l i e v e d  t o  be:  

Accord ingly ,  a m u l t i - t u b e ,  h i g h  p r e s s u r e  reactor w i t h  i n t e r n a l  h e a t  

1. High coal t h r o u g h p u t  p e r  volume of reactor;  
2 .  E x c e l l e n t  turndown (8-100% f u l l  c a p a c i t y )  ; 
3 .  E x c e l l e n t  reactor t e m p e r a t u r e  c o n t r o l ;  
4 .  Overcomes h e a t  t r a n s f e r  l i m i t a t i o n s  of  c o n v e n t i o n a l  p r e s s u r e  

5.  P o t e n t i a l  l o w  r i s k  t o  s c a l e u p  from p i l o t  o p e r a t i o n s .  
ves se 1 s ; 

Molten Metal  Heat Exchange 
High thermal  e f f i c i e n c y  i n  t h e  CS-SRT P r o c e s s  may b e  achieved  by 

r e c o v e r y  o f  t h e  h i g h  t e m p e r a t u r e  h e a t  o f  t h e  r e a c t o r  e f f l u e n t .  However, 
t h i s  h a s  t o  be  accomplished w i t h i n  t h e  c o n s t r a i n t s  of r a p i d  quenching.  
T h i s  problem h a s  been r e c o g n i z e d  and s o l v e d  i n  t h e  a s s o c i a t e d  technology 
o f  e t h y l e n e  p r o d u c t i o n  v i a  steam c r a c k i n g  ( 1 0 , 1 1 1 .  I n  t h e  l a t t e r  r e f e r -  
e n c e ,  i n d i c a t i o n s  a r e  t n a t  mol ten  metal i s  used t o  r a p i d l y  quench steam 
c r a c k e r  e f f l u e n t  w h i l e  a t  t h e  same t i m e  r e c o v e r i n g  h i g h  t e m p e r a t u r e  h e a t .  
Quenching requi rements  f o r  e t h y l e n e  product ion  a r e  even more s t r i n g e n t  
t h a n  f o r  t h e  CS-SRT P r o c e s s ,  of t h e  o r d e r  of  10-15 m i l l i s e c o n d s  compared t o  
a b o u t  1 0 0  m i l l i s e c o n d s .  

A molten m e t a l  h e a t  exchanger  sys tem has  been c o n c e p t u a l i z e d  and 
a p p l i e d  t o  t h e  CS-SRT P r o c e s s .  The bulk  of  t h e  h e a t  s t o r e d  i n  t h e  molten 
m e t a l  r e s u l t s  from h e a t  r e c o v e r y  i n  t h e  r e a c t o r  e f f l u e n t  quench exchanger. 
T h i s  h e a t  can t h e n  b e  exchanged t o  p r o v i d e  t h e  d u t i e s  f o r  r e c y c l e  gas  
p r e h e a t i n g ,  coal m o i s t u r e  removal  and coal-benzene s l u r r y  d r y i n g .  These 
t o t a l  d u t i e s  a r e  e q u i v a l e n t  t o  a b o u t  1 . 5  thermal  e f f i c i e n c y  p o i n t s .  

Our c a l c u l a t i o n s  have shown t h a t  t h i s  concept  i s  f e a s i b l e  from both  
a p r o c e s s  and a m e t a l l u r g i c a l  s t a n d p o i n t .  The concept  u t i l i z e s  molten 
m e t a l  t echnology a l r e a d y  developed  f o r  t h e  C l i n c h  River  b r e e d e r  r e a c t o r .  
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S t u d i e s  of t h e  economics and o p t i m i z a t i o n  o f  t h i s  molten m e t a l  technology 
t o  t h e  CS-SRT P r o c e s s  are c o n t i n u i n g .  

Conclus ion  

Bench-scale t e s t i n g  w i t h  a North Dakota l i g n i t e  h a s  shown t h a t  t h e  
CS-SRT Process  scheme may b e  an a t t r a c t i v e  p r o c e s s  f o r  c o n v e r t i n g  c o a l  
t o  p i p e l i n e  q u a l i t y  g a s ,  e t h a n e  and BTX l i q u i d s .  
(and e t h a n e  f e e d s t o c k  f o r  e t h y l e n e  p r o d u c t i o n )  i n  t h e  CS-SRT Process  i s  
a key f a c t o r  i n  lower ing  t h e  o v e r a l l  c o s t  o f  s e r v i c e s  f o r  producing SNG 
from coal. A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p ,  s h o r t  r e s i d e n c e  t i m e  and r a p i d  
quench f e a t u r e s  of  t h e  p r o c e s s ,  a s i m p l e ,  h i g h  throughput  r e a c t o r  concept  
may be  u t i l i z e d  w i t h o u t  s u f f e r i n g  l o s s  i n  convers ion  and u n d e s i r a b l e ,  
secondary-decomposi t ion r e a c t i o n s .  

I n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  con- 
c e p t u a l  CS-SRT r e a c t o r ,  i t  i s  i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  based 
on d a t a  a c q u i r e d  from a bench-sca le  u n i t  t h a t  h a s  been  o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  s c a l a b l e  t o  t h e  commercial r e a c t o r  concept .  

Flowsheet  s t u d i e s  of  t h e  CS-SRT P r o c e s s  have r e s u l t e d  i n  i d e n t i f y i n g  
s e v e r a l  promising p r o c e s s i n g  s t e p s  a p p l i c a b l e  t o  c o a l  g a s i f i c a t i o n :  

1. Drying of  c o a l  u s i n g  a z e o t r o p i c  benzene v a p o r i z a t i o n  i n  an 
e b u l l a t e d - b e d  c o n t a c t o r ;  

2. Mult i - tube ,  h i g h  p r e s s u r e ,  e n t r a i n e d - f l o w  r e a c t o r  concept  w i t h  
i n t e r n a l  h e a t  exchange and l o w  s c a l e u p  r a t i o  t o  commercial 
o p e r a t i o n ;  

Product ion  o f  BTX l i q u i d s  

3 .  High t e m p e r a t u r e ,  h e a t  recovery  u s i n g  molten metal h e a t  exchange. 

The n e x t  s t e p  of development o f  t h e  CS-SRT Process  would r e q u i r e  
a b o u t  a 6-inch d i a m e t e r ,  p i l o t - p l a n t  r e a c t o r  c a p a b l e  o f  p r o c e s s i n g  about  
100 TPD c o a l .  T h i s  p i l o t - p l a n t  would b e  one s c a l e u p  s t e p  away from a 
12-inch d i a m e t e r ,  s i n g l e  t u b e ,  commercial-type o p e r a t i o n .  
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Figure 1 
COMPARISON OF REACTORS U T I L I Z E D  IN ENERGY RESEARCH L A B O R A T O R Y  
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Figure 7 
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LIQUID FUELS FROM LOW Btu GAS: DILUTE PHASE 
FISCHER-TROPSCH STTHESIS 

John L. Cox and Ed Baker 

Battelle Pacific Northwest Laboratory 
Richland, WA. 

Methods of producing liquid hydrocarbons from coal and other solid 
carbonaceous substrates may be roughly characterized as direct or 
indirect. Direct methods include various pyrolysis and catalytic hydro- 
genolysis techniques which are described in the literature (1,2). 
Indirect liquefaction methods first gasify the carbonaceous substrate 
to produce a synthesis gas which can then be converted into liquid 
hydrocarbons. The composition of the synthesis gas can be tailored 
to fit the needs of the subsequent hydrocarbon synthesis by proper 
choice of gasifying conditions, gasifying agents, CO-shift conversion 
and removal of undesirable constituents. Extensive investigations have 
been made on the use of synthesis gas composed of H2 and CO for 
producing liquid hydrocarbons suitable as fuel and specialized chemicals. 
These reactions are categorically referred to as the Fischer-Tropsch 
synthesis although significant contributions have been made by a 
number of different investigators. The Fischer-Tropsch synthesis has 
been almost exclusively used with synthesis gas consisting of pure H2 
and CO of various stoichiometric ratios. In the following discussion 
a new application of this old technology for indirect coal liquefaction 
will be presented. This application consists of using synthesis gas 
diluted with inerts such as N2, CH4 and C02 and is referred to as the 
Dilute Phase Fischer-Tropsch Synthesis. 

CONVENTIONAL FISCHER-TROPSCH SYNTHESIS 

The synthesis of hydrocarbons from H2 and CO has been of consid- 
erable academic and practical interest since the discovery of methane 
synthesis by Sabatier in 1902. These simple reactants constitute 
the necessary building blocks for producing a large spectrum of essential 
organic chemicals and fuels. The synthesis has been reviewed several 
times over the past 50 years by Vannice, ( 3 )  Pichler, (4) Anderson, (5,6) 
Hofer, (7) and Storch et al. (8) 

The diversity of the conventional Fischer-Tropsch synthesis is 
demonstrated in Figure 1. It is evident that a considerable spectrum 
of hydrocarbons can be obtained from pure H2 and CO synthesis gas by 
proper choice of reaction conditions. The choice of catalyst is perhaps 
the most critical variable in the synthesis although pressure, tempera- 
ture, H2/CO ratio and space velocity or residence time are clearly 
important in determining product composition. Methane is the predominant 
product with nickel catalysts over a considerable pressure range at 
200-3OO0C. Paraffins and olefins are produced over iron and cobalt 
catalysts in both the low (1 atm) and medium (5-20 atm) pressure 
synthesis at 185-3OO0C. At higher pressures ( %lo0 atm) and tempera- 
tures ( ~ 4 0 0 ~ C )  the product over iron catalysts consists mostly of 
oxygenated hydrocarbons (Synthol). High molecular weight (100,000- 
200,000) paraffins are produced with ruthenium catalysts at 100-1000 
atm pressure and 200-250°C. Methanol and higher alcohols are obtained 
from zinc oxide and alkali promoted zinc oxide catalysts, respectively, 
at high pressures (100-300 atm) and temperatures of 250-350'C. Using 
difficult to reduce metal oxide (ThO2, A1203 + ZnO) catalysts at high 
pressures and temperatures of 400-500°C aromatics, naphthenes ,and 
iso-paraffins are produced. 
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DULITE PHASE FISCHER-TROPSCH SYNTHESIS 

I n  s p i t e  of t h e  e x t e n s i v e  work on t h e  Fischer-Tropsch s y n t h e s i s ,  
l i t t l e  a t t e n t i o n  h a s  been  d i r e c t e d  a t  employing d i l u t e d  s y n t h e s i s  g a s  

, i n  t h e  s y n t h e s i s .  D i l u t e  s y n t h e s i s  g a s  is  s imilar  i n  composi t ion  t o  
low Btu g a s .  I t  i s  o b t a i n e d  by g a s i f y i n g  carbonaceous m a t e r i a l  w i t h  
air-steam or oxygen e n r i c h e d  air-steam m i x t u r e s .  Cont rary  to  g a s i -  
f i c a t i o n  w i t h  02-steam, t h e  g a s  w i l l  c o n t a i n  moderate  t o  h i g h  
c o n c e n t r a t i o n s  of  n i t r o g e n .  The work t h a t  h a s  been  done w i t h  d i l u t e  
s y n t h e s i s  g a s ,  a l t h o u g h  s k e t c h y ,  i n d i c a t e s  t h a t  s i g n i f i c a n t  y i e l d s  
o f  l i q u i d  hydrocarbons c a n  be  o b t a i n e d  w i t h  c o n v e n t i o n a l  F i s c h e r -  
Tropsch c a t a l y s t s .  H a l l  and Smith ( 9 )  examined t h e  e f f e c t  o f  n i t r o g e n  
d i l u t i o n  on the F-T s y n t h e s i s ;  t h e  r e s u l t s  are  summarized i n  Table  1. 
As w i t h  non-d i lu ted  s y n t h e s i s  g a s  a t  c o n s t a n t  t e m p e r a t u r e ,  the y i e l d  
o f  p r o d u c t  p e r  volume o f  s y n t h e s i s  g a s  d e c r e a s e d  w i t h  i n c r e a s i n g  s p a c e  
v e l o c i t y .  Fur thermore ,  a t  c o n s t a n t  s p a c e  v e l o c i t y  rep lacement  of 
s y n t h e s i s  g a s  w i t h  n i t r o g e n  r e s u l t s  i n  a n  i n c r e a s e  y i e l d  o f  l i q u i d s  
p l u s  s o l i d s  p e r  c u b i c  m e t e r  o f  2H + 1CO. T h i s  i s  r e a d i l y  s e e n  by 
comparing y i e l d s  of t h e  f i r s t  w i d  t h e  second r o w  a t  1 atm and t h e  
f o u r t h  w i t h  t h e  f i f t h  r o w  f o r  t h e  1 0  atm s y n t h e s i s .  Gibson and Hall  
(10) s t u d i e d  t h e  F-T s y n t h e s i s  w i t h  d i l u t e d  s y n t h e s i s  g a s  o v e r  a 
Co-Th02-Mg0-kieselguhr c a t a l y s t  concluding  t h a t  the d i l u t i o n  a f f e c t e d  
t h e  ra te  of s y n t h e s i s  by r e d u c i n g  t h e  p a r t i a l  p r e s s u r e  of r e a c t a n t s  
( 2 H 2  + K O ) .  D i l u t i o n  of t h e  s y n t h e s i s  g a s  was also observed  t o  
i n c r e a s e  t h e  p r o p o r t i o n  of t h e  low-boi l ing p r o d u c t .  The observed  
v a r i a t i o n  i n  l i q u i d  p r o d u c t  and CO c o n v e r s i o n  w i t h  d i l u t i o n  by t h e s e  
i n v e s t i g a t o r s  is shown i n  F i g u r e  2 .  Although the y i e l d  p e r  u n i t  volume 
of g a s  w i l l  b e  less i n  t h e  d i l u t e  phase  F-T s y n t h e s i s ,  t h e  p r o d u c t  
composi t ion  is l i k e l y  t o  b e  s i m i l a r  to c o n v e n t i o n a l  F-T s y n t h e s i s  under 
s i m i l a r  o p e r a t i n g  c o n d i t i o n s .  A t y p i c a l  p r o d u c t  composi t ion  over  a 
c o b a l t  c a t a l y s t  i n  t h e  c o n v e n t i o n a l  F-T s y n t h e s i s  is  shown i n  F i g u r e  3 .  

UTILITY OF DILUTE PHASE F-T SYNTHESIS 

I n  t h e  p r e c e d i n g  s e c t i o n  w e  have shown t h a t  d i l u t e  phase  F-T 
s y n t h e s i s  can  be used  t o  o b t a i n  l i q u i d  hydrocarbons from s y n t h e s i s  
gas (H2 + CO) t h a t  i s  h i g h l y  d i l u t e d  w i t h  N 2 ,  CH4 and C02.  With t h i s  
c a p a b i l i t y ,  the d i l u t e  p h a s e  Fischer-Tropsch s y n t h e s i s  i s  viewed as  
a n  add-on f a c i l i t y  where l i q u i d  hydrocarbons a r e  o b t a i n e d  as a byproduct 
f r o m  l o w  Btu gas .  Although any low Btu g a s  could  b e  used i n  t h e  
s y n t h e s i s ,  i n  s i t u  g e n e r a t e d  low Btu coal g a s  h a s  been used t o  c a r r y  
o u t  p r e l i m i n a r y  e n g i n e e r i n g  and economic f e a s i b i l i t y  s t u d i e s .  The 
c o n c e p t u a l i z e d  p r o c e s s  i s  shown i n  F i g u r e  4. S tepwise ,  coal i s  f i r s t  
g a s i f i e d  i n  s i t u  w i t h  air.,  The i n  s i t u  g e n e r a t e d  g a s  i s  t h e n  sub- 
j e c t e d  t o  a g a s  c lean-up  where H2S, H i O ,  C 0 2  and d u s t  are removed. 
T h i s  is fol lowed by d i l u t e  phase F-T s y n t h e s i s  and p r o d u c t  f r a c t i o n a -  
t i o n  t o  o b t a i n  the l i q u i d  hydrocarbon byproduct  from t h e  l o w  Btu gas .  
M a t e r i a l  ba lance  c a l c u l a t i o n s  based on s i t u  c o a l  g a s i f i c a t i o n  d a t a  by 
Brandenberg e t  a l .  (13)  and t h e  d i l u t e  phase F-T s y n t h e s i s  d a t a  of 
Gibson and H a l l  (10) f o r  a 50,000 b b l / d a  p l a n t  are shown i n  Table  2 .  
Hence, 86 x l o 8  SCF/da of  a i r  is  used  f o r  t h e  i n  s i t u  g a s i f i c a t i o n  of 
2.16 x l o 5  ton/da of coal.  The removal  of  i m p u r i t i e s  p r o v i d e s  147.7 
x lo8 SCF/da of d r y ,  d i l u t e ,  low Btu (152 Btu/SCF) s y n t h e s i s  gas .  
D i l u t e  phase F-T s y n t h e s i s  y i e l d s  50 ,000  bbl /da of  l i q u i d  byproduct  
w i t h  t h e  pr imary p r o d u c t  b e i n g  121.0 x l o 8  SCF/da of  l o w  Btu (148 Btu/ 
SCF) f u e l  gas .  The l i q u i d  y i e l d  amounts t o  1 / 4  b b l / t o n  of i n  s i t u  coa l  
g a s i f i e d .  The l i q u i d  would be  s u l f u r  and n i t r o g e n  free and estimated 
t o  c o n t a i n  up t o  25% o l e f i n s  w i t h  57% b o i l i n g  below 15OoC and 34% 
b o i l i n g  between 150-270OC. 
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TABLE 1. Effect of Diluted Synthesis Gas on F-T Synthesis 
(Co-Th02-Mg0-kieselguhr catalyst) 

Temperature Pressure Feed Gas Composition 

‘C atm vo lu rn  % 

H2 CO N2 C02 CH4 ----- 
193 1 68.7 30.0 1.0 -- 0.3 

193 1 58.2 24.2 16.3 -- 1.3 

193 1 44.4 26.7 28.8 -- 0.1 

192 10 62.0 31.5 4.0 2.5 -- 
193 10 41.8 20.0 35.1 3.1 -- 

Space Y i e l d  o f  L iqu ids  and 
V e l o c i t y  Solids 

h r - I  g/m3 
Feed Gas 2H2tlC0 - - 

184 109.2 110 

91 106 127 

133 87.8 123 

131 106 113 

138 112 120 

TABLE 2. Process Stream Compositions 
Process 
Stream 

9 )  - 

I Oescr ip t ion  - Comosi t ion ,  Vol.  o r  W t .  % Flow 
A i  r 00 N2. 20 0% 86 x lo8 SCF/da 

Coal 

Low Utu gas 
(102 Btu/SCF) 

Scrubbed gas i m p u r i t i e s  

Dry d i l u t e  phase 
synthesis gas 
(152 Btu/SCF) 

Synthesis product and 
unconverted gas 

L i q u i d  hydrocarbon 

Low Btu gas 
(140 Btu/SCF) 

Water 

6.3 tiZo. 18.4 asti, 0.5 s, 4.6 H, 55.3 c, 
0.7 N,  14.2 0 

26.9 H20, 12.2 H2, 6.1 CO. 0.6 02, 36.5 N2, 

3.3 CH4, 0.4 C2, 14.0 C02. 0.05 H2S 

? dust, 0.12 HZS. 64.8 H20. 35.0 COz 

20.7 H2, 10.3 CO, 1.0 02, 61.8 N2, 
5 . 6  CH4. 0.7 C2 

0.35 C1H2,4(estm.). 8.1 H2, 4.6 CO, 
69.6 N2, 6.5 CH4. 1.7 C2, 8.8 H20. 

Cll12~4(estm.), dens i ty  - 0.85 g/cm?estn!.) 

0.2 c3. 0.2 c4 

8.9112. 5.1 CO, 76.5 N2. 7.1 CH4. 1.9 C2 
0.2 c3. 0.2 c 4  
IOU 1H20 
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2.16  x lo5 tn/da 

253 x IO8 SCF/da 

105 x l o 8  SCF/da 

147.7 x l o 8  SCFIda 

133.6 x l o 8  SCF/da 

5 x I O 4  b b l l d a  

121.0 x I O 8  SCF/da 

11.9 x l o 8  SCF/da 



PROCESS ECONOMICS 

Preliminary economics have been calculated for the conceptualized 
dilute phase F-T synthesis coupled with in situ coal gasification. 
These calculations, based on the material balance shown in Table 2 
and certain necessary assumptions, indicate that high quality sulfur- 
free liquid fuels can be produced for as little as $13/bbl. This 
assumes use of an iron catalyst costing $O.lO/lb, low Btu gas from 
in-situ gasification at $0.43/MM Btu as described by A.  D. Little, (11) 
and a 10% return on capital investment. 

The cost of the liquid fuel produced is highly dependent on 
capital investment and raw materials costs s o  any increase in space 
velocity or increase in yield would significantly reduce the cost of 
the liquid product. Likewise an increase in the cost of raw materials 
(low Btu gas, catalyst, etc.) would increase the liquid fuel cost. The 
influence of these variables on liquid fuel cost is shown in Table 3 .  
These liquid fuel costs are based on a 10% return on investment an 
six month ca alyst life. Two different space velocities, 1000 hr- 
and 2000 hr-' have been used in t e calculations. 
cost figures are for the 2000 hr-' space velocity operations. The 
economic incentive for operating at higher space velocities or larger 
through-puts is clearly evident from the data in Table 3 .  It is also 
evident from the tabulated data that as the catalyst cost increses so 
does the benefit from operating at higher space velocities. 

P a  
The parenthesized 

TABLE 3 .  Liquid Fuel Cost 

Product Cost $/bbl 

Cost of Low Btu Gas $/MM Btu 
Catalyst Cost $0.43 $0.75 $1.00 

$0.10/lb 13 (12) 18 (16) 21 (20) 
$1.00/lb 23 (16) 28 (21) 32 (25) 

Total capital investment for a dilute pahse F-T facility produc- 
ing 50,000 bbl/da of liquid fuels would be $300-400 million in 1976 
dollars. The major processing unit required is the synthesis reactor. 
Cost of the reactors is about one third of the total capital investment 
because of the large heat transfer area required to maintain proper 
control of reaction temperature. The heat of reaction will be recovered 
by generating steam to be used as process feed, in steam driven pumps 
and compressors, and for electrical power drives. Types of reactors 
that could be used range from a simple vertical boiler with catalyst 
packed in the tubes to a design where the catalyst is sprayed on the 
,heat transfer surface. (12) 
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CONCLUSIONS 

The dilute phase F-T synthesis is a new application of old 
technology. It provides a means of obtaining significant yields of 
liquid hydrocarbon byproduct from low Btu gas. Since the low Btu 
gas is obtained by gasifying with air in place of oxygen the need 
for separating 0 2  and N2 is eliminated. Engineering and economic 
evaluations were made of dilute phase F-T synthesis coupled with in 
situ coal gasification. The complex wa scaled to produce 50,000 
bbl/da of liquid byproduct and 121 x I O B  SCF/da low Btu (148 Btu/SCF) 
fuel gas primary product. Considering such economic factors as 
return on capital investment, catalyst cost and life, space velocity 
and low Btu gas cost, the liquid product cost was estimated to be 
between $13-35 bbl. The most significant contributions to the product 
cost were identified as return on investment, capital cost and catalyst 
cost. Technical indications are good that significant reductions can 
be made in the latter two areas which will improve the overall 
economics. 
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Ê 120 

g- 100 
y’ 

- 
0” 

80 

60 

40 

I 20 

1 ATM 

Q z  PARAFFINS 

7 ATM 

:OLEFINS 

FIGURE 3 .  T y p i c a l  y i e l d s  w i t h  Co-Th02- MgO-kieselguhr 
c a t a l y s t  a t  1 atm. and 7 atm. 

LOW Et” 
GAS 

GAS 
CLEAN-UP 

HzO 
AIR 

e COALSEAM 

FIGURE 4 ,  D i l u t e  Phase F l s c h e p T r o p s c h  S y n t h e s i s  
f o r  I n  S i t u  Coal  G a s i f i c a t i o n  

I: 
II 
Y 
11 

.e 
1: 

154 

. ,  

c 
I 



ECONOMIC COMPARISON OF COAL FEEDING SYSTEMS I N  COAL 
GASIFICATION--LOCK HOPPER VS SLURRY 

W i l l i a m  C .  Morel 

U.S. Department o f  t h e  I n t e r i o r ,  Bureau o f  Mines 
Process Eva lua t i on  Office--MMRD 

P.O. Box 880 
Morgantown, West V i r g i n i a  26505 

INTRODUCTION 

Coal feeding t o  t h e  va r ious  p ressu r i zed  coal  g a s i f i c a t i o n  processes presents  
c e r t a i n  techn ica l  problems t h a t  w i l l  have t o  be so lved.  Two feeding systems being 
considered are the  l o c k  hopper and coa l  s l u r r y .  The coal  s l u r r y  system has the  
advantage o f  be ing s imple t o  operate w i t h  a good r e l i a b i l i t y ,  b u t  e ros ion  problems 
i n  t h e  c i r c u l a t i n g  pumps and i n j e c t i o n  va lves w i l l  have t o  be solved.  The l o c k  
hopper system has t h e  advantage o f  f eed ing  a d r y  coa l  w i t h o u t  s o l v e n t  d i l u t i o n ,  but  
w i l l  a l s o  have e ros ion  problems i n  t h e  va lves and w i l l  r e q u i r e  a complex c y c l e  con- 
t r o l  system. 

An economic comparison was made o f  t h e  two feed ing  systems based on t h e  B i t u -  
minous Coal Research's Bi-Gas process us ing  a Western Kentucky No. 11 coa l ,  assum- 
i n g  t h e  two systems a r e  t e c h n i c a l l y  f e a s i b l e .  
1976 c o s t  indexes. 
d iscounted cash f l o w  r a t e s  o f  12, 15, and 20 percent  a t  va r ious  coal  cos ts .  No 
i n f l a t i o n  f a c t o r s  a r e  considered f o r  t h e  l i f e  o f  t h e  p l a n t .  
cons iderat ions have been incorporated.  
o f  t h e  Bi-Gas process a r e  inc luded.  

The est imates a r e  based on January 
Average s e l l i n g  p r i c e s  o f  t h e  gas were determined by us ing  

P o l l u t i o n  abatement 
Some o f  t h e  economic and t e c h n i c a l  d e t a i l s  

Lock Hopper System 

The Bi-Gas process i s  a two-stage coa l  g a s i f i c a t i o n  system t o  conver t  b i t u -  
minous and subbituminous coa l  t o  a h igh-Btu p i p e l i n e  gas. F igure 1 i s  a f lowsheet  
of  t h e  process (1)  and inc ludes  t h e  f o l l o w i n g  s teps:  

1 .  Coal p repara t i on ,  which i nc ludes  crushing,  screening, s i z i n g  o f  t he  run- 
of-mine coal ,  and conveying t h e  s ized coal  t o  t h e  l o c k  hopper feed ing  system (2)  
( n o t  shown i n  f i g u r e  1 ) .  

2. I n  the  upper s e c t i o n  o f  t h e  g a s i f i e r ,  coal  con tac ts  the  hot synthes is  gas 
produced i n  the  lower s e c t i o n  and i s  p a r t i a l l y  conver ted t o  methane and more synthes is  
gas. The en t ra ined  cha r  i n  t h e  raw p roduc t  gas i s  separated and recyc led  t o  the 
lower sect ion,  where i t  i s  g a s i f i e d  t o  produce syn thes i s  gas and heat  requ i red  i n  the  
upper sect ion.  

The hot-carbonate p u r i f i c a t i o n  system reduces the  COP con ten t  o f  t h e  s h i f t e d  
gas t o  0.5 percent and removes e s s e n t i a l l y  a l l  t h e  H2S and COS. Z inc  ox ide  towers 
are prov ided f o r  r e s i d u a l  s u l f u r  cleanup. 

The hea t ing  va lue o f  t he  c lean  gas i s  increased t o  946 B tu  by r e a c t i n g  
hydrogen w i t h  99.8 percent  o f  t h e  CO i n  t h e  presence o f  a n i c k e l  c a t a l y s t  t o  form 
methane and water. 

6. A f te r  gas coo l i ng ,  t h e  mo is tu re  con ten t  o f  t h e  product  i s  reduced t o  7 
pounds per  m i l l i o n  standard cub ic  f e e t .  

The g a s i f i e r s  a r e  designed t o  operate a t  an o u t l e t  pressure o f  1,160 p s i g  and 
a t  maximum temperatures o f  1,700' F and 2,700' F f o r  t he  upper and lower  sect ions,  
r e s p e c t i v e l y .  
coal ,  i s  65.3 percent, based on a coa l  h e a t i n g  va lue o f  13,070 B t u  pe r  pound. 

3. S h i f t  convers ion o f  t h e  syn thes i s  gas t o  H2:CO r a t i o  o f  3 .1 : l .  
4. 

5. 

The thermal e f f i c i e n c y  o f  t he  p l a n t ,  us ing  a Western Kentucky No. 11 
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Slurry Feeding System 

Cost of coal 

The pulverized coal i s  mixed with h o t  condensate t o  produce a 50-50 weight- 
percent coal-water s lu r ry  and then raised t o  the system pressure of approximately 
1,200 psig with t r i p l ex  reciprocating pumps. After being preheated t o  430" F ,  the 
coal s lur ry  is dried i n  a spray dryer w i t h  g a s i f i e r  product gas t h a t  vaporizes the  
water. The coal and humidified gas  a t  660° F flow t o  a cycle separator where the 
coal drops in to  a coal hopper and i s  pneumatically fed t o  the  upper section of the 
gas i f i e r .  This feeding system (3)  i s  i l l u s t r a t e d  in f igure  2 .  The r e s t  of the in te -  
grated plant,  (4)  shown in f igu re  3 ,  i s  the same as  described i n  the lock hopper sys- 
tem except fo r  some changes i n  the s h i f t  conversion, gas i f ica t ion ,  and heat recovery 
uni t s  owing t o  sh i f t i ng  of h e a t  loads. 
same a s  tha t  of the lock hopper system--65.3 percent. 

The thermal e f f ic iency  of the  p lan t  i s  the 

Per year,  MM Per MMBtu 
Lock hopper I S1urr.y I Lock hopper I Slurry 

Capital Investment 

13 
15 

A n  economic evaluation was made of a n  integrated plant sized a n d  designed to  
produce 250 million scf  of h i g h - B t u  gas (946 Btu/scf) by two-stage gas i f ica t ion  of 
Western Kentucky No. 11 coal followed by s h i f t  conversion, pur i f ica t ion ,  methanation, 
and pollution control.  
lock hopper system, o r  $92.4 mill ion higher than f o r  the coal s lu r ry  system. 

Table 1 i s  a capi ta l  requirement comparison of the  two feeding systems. Detailed 
cost  summaries of the major processing uni t s  a r e  not included, b u t  the  cos ts  of the  
individual units are l i s t e d .  General f a c i l i t i e s  include administrative buildings,  
shops, warehouses, ra i l road  spurs ,  ro l l i ng  stock, roads, waste water treatment, and 
fences. 
and instrument a i r ,  f i r e  pro tec t ion ,  and san i ta ry  water a r e  included i n  plant u t i l i t i e s .  

The t o t a l  investment i s  estimated t o  be $533.3 mill ion fo r  the 

The cos ts  of steam and power d i s t r ibu t ion ,  cooling water towers, plant 

137.1 125.0 1.75 1.60 
146.3 134.1 1 .a7 1.72 

Operating Cost 

Table 2 presents the estimated operating Cost comparison fo r  the lock hopper and 
coal s lu r ry  feeding systems. An assumed 90-percent operating fac tor  allows 35 days 
for  downtime, two 10-day shutdowns f o r  equipment inspection and maintenance, and 15 
days f o r  unscheduled operational in te r rupt ions .  With labor a t  $6 per hour, payroll 
overhead a t  30 percent of payro l l ,  and depreciation a t  5 percent of the  subtotal  fo r  
depreciation, allowing c r e d i t  f o r  su l fu r  recovered a t  $25 per ton, and with the  cos t  
of coal as  a variable,  the following operating cos ts  a r e  derived: 

per t o n  I system I feeding I system. I feeding 
$1 1 I $128.0 I $ 115.8 I $1.64 I $1.48 

Based on a 330-day operating year fo r - the  plant and allowing c r e d i t  f o r  su l fur  
produced, with coal cos t s  and discounted cash flow ( D C F )  r a t e s  as parameters, the 
average se l l ing  prices of the gas per Mscf and per MMBtu f o r  the two systems a re  shown 
in the following tab le :  

156 



The DCF computer program takes i n t o  account the  c a p i t a l  expendi ture,  based on 
100-percent equ i t y ,  p r i o r  t o  s t a r t u p  so t h a t  t h e  i n t e r e s t  d u r i n g  c o n s t r u c t i o n  i s  
de le ted  from t h e  c a p i t a l  requirement. 
i n g  c a p i t a l  i n  t h e  20 th  yea r .  

P rov i s ions  a r e  made f o r  recovery o f  t he  work- 

U n i t  Cost Summary 

The s e l l i n g  p r i c e  used t o  determine the h igh -cos t  elements i n  t h e  process was 
based on a 15-percent DCF f o r  a 20-year p r o j e c t  l i f e ,  w i t h  coa l  a t  $13 per  ton.  
breakdown o f  t he  c o s t  elements f o r  t h e  two systems i s  shown i n  t a b l e  3. 

A 

SUMMARY 

As noted i n  t a b l e  1, the l o c k  hopper feed ing  t o t a l  investment  i s  $92.4 m i l l i o n ,  
o r  21 percent  h ighe r  than the  s l u r r y  feed ing  system investment .  Approximately $69 
m i l l i o n  i s  a t t r i b u t e d  t o  d i f f e r e n c e  i n  feed ing  systems. 

The opera t i ng  c o s t  o f  the l o c k  hopper system i s  about 10 percent  h ighe r  than 
t h a t  o f  t h e  s l u r r y  feed ing  system. Increases i n  maintenance, overhead, and i n d i r e c t  
and f i x e d  costs ,  which a r e  d i r e c t l y  r e l a t e d  t o  t h e  c a p i t a l  investment ,  rep resen t  the  
main d i f f e r e n c e .  

The average s e l l i n g  p r i c e  was based on t h r e e  coa l  cos ts  ($11, $13, and $15 per 
t o n )  and th ree  DCF r a t e s  o f  r e t u r n  (12, 15, and 20 pe rcen t ) .  Over t h i s  range t h e  
s e l l i n g  p r i c e  f o r  t h e  l o c k  hopper system increases f rom $0.33 t o  $0.51 per  Mscf o f  
product ,  o r  $0.35 t o  $0.54 per  MMBtu. Th is  i nc rease  i s  approx imate ly  15 percent .  

CONCLUSION 

Resul ts  o f  t h i s  s tudy i n d i c a t e  t h e  s l u r r y  feeding system i s  more economical 
than the  l ock  hopper system, when used t o  feed a h igh-pressure (1,200 p i i g )  two- 
stage g a s i f i e r  i n  t h e  Bi-Gas process. It must be kep t  i n  mind, however, t h a t  t h i s  
s tudy was conducted under t h e  assumption t h a t  t h e  t e c h n i c a l  problems f o r  both t h e  
coa l  s l u r r y  and l o c k  hopper systems have been so lved.  
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TABLE 1.  - Cap i ta l  requirements,  comparison o f  
l o c k  hopper system w i t h  s l u r r y  feed inq  system 

U n i t  
Coal p repara t ion . .  . . . . . . 
S l u r r y  p repara t i on  ...... 
Lock hopper system ...... 
G a s i f i c a t i o n .  . . . . . . . . . . . 
Heat recovery No. 1.. . . . 
Oust removal. ........... 
S h i f t  conversion ........ 
Heat recovery No. 2 o r  1 
P u r i f i c a t i o n . .  . . . . . . . . . . 
Methanation ............. 
Heat recovery No. 3 o r  2 
Dry ing .................. 
Oxygen p l a n t  ............ 
S u l f u r  recovery. .  . . . . . . . 
Flue gas processing..  . . . 
Steam p l a n t  ............. 
P lan t  f a c i l i t i e s . .  ...... 
P lan t  u t i l i t i e s  ......... 
Tota l  cons t ruc t i on . .  . . . . 
I n i t i a l  c a t a l y s t  

requirements .......... 
To ta l  p l a n t  cos t  ........ 
I n t e r e s t  du r ing  

cons t ruc t ion . .  . .'. . . . . . 
Subtota l  f o r  

dep rec ia t i on  .......... 
Working c a p i t a l . .  . . . . . . . 

Tota l  investment ... 

Lock hopper * 
85,178,000 
20,698,500 

3,402,400 
2,341,100 

10,033,200 

75.71 3,300 
8, i  43,900 

18;782;900 
21,718,000 

873,500 
51,975,000 

2,312,500 

22,822,500 
26,574,200 
38,089,700 

i 6,033,300 

418,987,400 

2,559,800 

421,547,200 

484,779,200 

48,477,900 

- 533,257,100 
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i l u r r y  feeding 

16,435,000 
* 

20,698,500 

2,341,100 
7,700,000 

23,392,600 
75.281 . lo0 
18;782 ;900 
21,718,000 

873,500 
51,975,000 
2,312,500 

16,033,300 

21,956,200 
31,470,500 

20 ,gi o ,000 

346,i 75,600 

2,348,100 

348,523,700 

52,278,600 

400,802,300 

40,080,200 

440,882,500 

D i f f e r e n c e  
0 

;+68,743,000 
0 

+3,402,400 
n 

+2,333,200 
-15,248,700 

+432,200 
0 
0 
0 
0 
0 
0 

+1 ,912,500 
+4,618,000 
+6,619,200 

+72,8i 1,800 

+211 ,700 

+73,023,500 

+10,953,400 

+83,976,900 

+8,397,700 

+92,374,600 



TABLE 2 .  - Annual o p e r a t i n g  cos t ,  
comparison o f  lock  hopper system w i t h  s l u r r y  feeding system 

Cost i tem 

D i r e c t  cost :  
Raw mater ia ls :  

Coal a t  $ I l / t o n  ..... ... 
Raw water.. . . . . . . . . . . . . 
C a t a l y s t  and chemicals. 
Methane. . . . . . . . . . . . . . . . 

Subtotal  . . . . . . . . . . . 

Di rec t  labor  ......... ..... 
Di rec t  labor  supervis ion. .  

Subtotal  ........... 
Maintenance l a b o r . .  . . . . . . . 
Maintenance s u p e r v i s i o n  :. . 
Maintenance m a t e r i a l  
and cont rac ts  ............ 

Subtotal  . . . . . . . . . . . 
Payro l l  overhead .......... 
Operating suppl i es. . . . . . . . 

Total  d i r e c t  c o s t .  

I n d i r e c t  cost.. . . .. . . . . . .. . . 

Fixed c o s t :  
Taxes and insurance ....... 
Oepreci a t ion . .  . . . . . . . . . . . . 

T o t a l ,  be fore  c r e d i t .  

S u l f u r  c r e d i t  ............... 

Operating cost, a f t e r  c r e d i t  

Lock hopper 
system 

$50,294,400 
1,176,100 
2,517,300 

455,600 

54,443,400 

2,470,300 
370,500 

2,840,800 

7,815,000 
1,563,000 

11,722,500 

21,100,500 

3,665,600 
4.22cl,100 

86,270,400 

1 1,264,600 

8,430,900 
24,238,900 

130,204,800 

2,226.700 

- 127,978.1 00 
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S1 u r r y  feeding 
system 

$50,294,400 
1,211,800 
2,504,200 

455,600 

54,466,000 

2,522,900 
378,400 

2,901 ,300 

6,465,000 
1,293,000 

9,697,500 

17,455,500 

3,197,800 
3,491.1 00 

81,511,700 

9,539,200 

6,970,500 
20,040,100 

118,061,500 

2.226.700 

115,834,800 

)i f ference 

0 
8-35,700 
+13,100 

0 

-22,600 

-52,600 
-7,900 

-60,500 

+1 ,350,000 
+270,000 

+2,025,000 

+3,645,000 

+467,800 
+729,000 

+4,758,700 

+1 ,725,400 

+1 ,460,400 
+4,198,800 

b12,143,300 

0 

+12,143,300 



TABLE 3. - U n i t  c o s t  comparison 
- 

Process u n i t  

Coal p repara t i on  ............ 
G a s i f i c a t i o n  . ............... 
Lock hopper system ......... 
S1 u r r y  p repara t i on .  .......... 
Dust removal ................ 
S h i f t  convers ion ............ 
P u r i f i c a t i o n  ................ 
Methanation ................. 
Dry ing ...................... 
Su l fu r  recovery ............. 
Flue gas process ing ......... 

To ta l  .................. 

Cost per  Mr 
ock hopper 

system 

$0.13 

1.32 

.50 

.02 

.18 

.64 

.17 

. O l  

3.08 

Basis: Coal a t  $13/ton - 15% DCF. 
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o f  product  
S l u r r y  feed ing  

system 

$0.13 

1 .41 

.16 

.02 

.05 

.63 

.17 

.01 

- 

.11 

2.69 
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Coal D e s u l f u r i z a t i o n  During Gaseous Treatment 

Edmund Tao Kang Huang* and Al l en  H. P u l s i f e r  

Department of  Chemical Engineer ing  
and 

Energy and Minera l  Resources Research I n s t i t u t e  
Iowa S t a t e  Un ive r s i ty  

Ames, Iowa 50011 

Su l fu r  removal from c o a l  d u r i n g  t r ea tmen t  i n  gaseous a tmospheres  a t  e l e v a t e d  
tempera tures  is of i n t e r e s t  bo th  because  such  a t r ea tmen t  might s e r v e  as a b a s i s  
f o r  a coa l  d e s u l f u r i z a t i o n  p rocess  and because  knowledge of t he  f a t e  of  s u l f u r  
under such c o n d i t i o n s  has  a p p l i c a t i o n  t o  t h e  behavior  of  c o a l  d u r i n g  ca rbon iza t ion  
or g a s i f i c a t i o n .  I n  t h e  work r epor t ed  h e r e ,  d e s u l f u r i z a t i o n  of  b o t h  a raw and 
deashed Iowa c o a l  were i n v e s t i g a t e d  i n  t h r e e  d i f f e r e n t  g a s e s ,  n i t r o g e n ,  hydrogen 
and a 6% oxygen-94% n i t r o g e n  gas  mixture .  With each  g a s ,  bo th  t h e  tempera ture  
and hold ing  time a t  t empera ture  w e r e  v a r i e d .  With hydrogen and n i t r o g e n ,  t h e  
tempera ture  w a s  v a r i e d  between 300 and 700°C. The tempera ture  r ange  used wi th  
t h e  oxygen-nitrogen mixture  was on ly  from 350 t o  455OC due t o  t h e  l a r g e  weight 
l o s s  at  h ighe r  t empera tu res  caused by combustion of t he  sample.  Hold ing  t i m e  a t  
t empera ture  was v a r i e d  from 0 t o  60 min. 

EXPERIMENTAL 

The i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  i n  a Rigaku CN8001 H type  thermal  a n a l y z e r  
which inc luded  a thermal  g r a v i m e t r i c  a n a l y z e r ,  a preprogrammed h e a t i n g  u n i t  and 
tempera ture  c o n t r o l  sys tem,  and a d a t a  r e c o r d i n g  u n i t .  To c a r r y  o u t  a run, about  
300mg of c o a l  ( < 1 2 5 ~ )  w a s  p laced  on t h e  sample pan o f  t h e  thermal  ana lyze r  and 
hea ted  to  t h e  d e s i r e d  tempera ture  us ing  a h e a t i n g  r a t e  of 20°C/min wh i l e  main ta in-  
i n g  a flow of  gas  over  t h e  sample.  A f t e r  ho ld ing  t h e  sample a t  tempera ture  f o r  
t h e  d e s i r e d  per iod  of t i m e ,  t h e  gas  flow w a s  swi tched  t o  n i t r o g e n  and t h e  r e a c t i o n  
chamber was cooled wi th  the  i n i t i a l  c o o l i n g  r a t e  be ing  on t h e  o r d e r  of 250"C/min. 
The sample weight w a s  recorded  con t inuous ly ,  and a t  t h e  end of t h e  run t h e  t o t a l  
and o rgan ic  s u l f u r  c o n t e n t s  of t h e  t r e a t e d  coa l  were de te rmined .  

The c o a l  came from t h e  Jude mine, Mahaska County, Iowa, and i s  a high- 
v o l a t i l e - C  bituminous c o a l .  The r a w  c o a l  con ta ined  3.25% i n o r g a n i c  sulfur and 
3.04% organ ic  sulfur (moi s tu re - f r ee  b a s i s ) .  The deashed Jude  c o a l  w a s  p repared  
by twice  f l o a t i n g  t h e  r a w  c o a l  i n  a heavy l i q u i d  medium having  a s p e c i f i c  g r a v i t y  
of 1 . 3 .  It  conta ined  4.74% o r g a n i c  s u l f u r ,  bu t  on ly  0.69% i n o r g a n i c  s u l f u r .  Thus, 
t h e  r e s u l t s  of exper iments  u s i n g  t h e  deashed c o a l  mani fes ted  l a r g e l y  t h e  behavior  
of t h e  o rgan ic  s u l f u r  compounds i n  t h e  c o a l .  The a n a l y s e s  of t he . r aw and deashed 
c o a l  a r e  shown i n  Table  1. 

Table  1. Proximate a n a l y s e s  of c o a l  samples 

Proximate Ana lys i s  Raw Coal Deashed Coal 

Moisture 1 .22% 2.21% 
Ash 18.80% 5.54% 
V o l a t i l e  matter 39.68% 45.72% 
Fixed carbon 40.30% 46.53% 

*Current ly  a t  Al l i s -Chalmers ,  Milwaukee, Wisconsin.  
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RESULTS AND DISCUSSION 

E f f e c t  o f  Temperature and Hold ing  Time 

The e f f e c t  of t empera tu re  upon s u l f u r  removal i n  each of t h e  t h r e e  g a s e s  was 
i n v e s t i g a t e d  by h e a t i n g  t h e  c o a l  sample t o  t h e  d e s i r e d  t empera tu re  us ing  a h e a t i n g  
rate of 20°C/min. fo l lowed b y  immediate coo l ing .  I n  n i t r o g e n ,  t h e  amount of  s u l f u r  
i n  a l l  forms except  f o r  t h e  o r g a n i c  s u l f u r  i n  t h e  raw c o a l  tended . to  d e c r e a s e  wi th  
i n c r e a s i n g  tempera ture ,  w i t h  t h e  d e c r e a s e  be ing  g r e a t e r  f o r  t h e  deashed c o a l .  A t  
7OO0C, t h e  t o t a l  s u l f u r  c o n t e n t  of t h e  raw c o a l  and t h e  t o t a l  and o rgan ic  c o n t e n t s  
of t h e  deashed c o a l  were 5.60, 3.27 and 3.05 w t . % ,  r e s p e c t i v e l y .  On t he  o t h e r  
hand ,  t h e  o rgan ic  s u l f u r  c o n t e n t  of t h e  r a w  c o a l  i nc reased  from 3.04 t o  4.82 w t . %  
as t h e  tempera ture  w a s  i n c r e a s e d  from room tempera ture  t o  7OO0C. S ince  t h e  raw 
c o a l  conta ined  a s u b s t a n t i a l  amount of  i no rgan ic  s u l f u r ,  t h i s  r e s u l t  i n d i c a t e d  
t h a t  i no rgan ic  s u l f u r  w a s  b e i n g  t ransformed i n t o  o r g a n i c  s u l f u r  d u r i n g  t h e  h e a t i n g  
p rocess .  

The v a r i o u s  s u l f u r  c o n t e n t s  of  t h e  c o a l  samples were n o t  g r e a t l y  a f f e c t e d  
when the  coa l  was he ld  a t  c o n s t a n t  tempera ture .  A t  lower t empera tu res ,  t h e  s u l f u r  
c o n t e n t s  tended t o  d e c r e a s e  s l i g h t l y ,  wh i l e  they tended t o  i n c r e a s e  when h e l d  a t  
h ighe r  tempera tures .  

Fig.  1 shows t h e  e f f e c t  o f  tempera ture  on t h e  t o t a l  and  o r g a n i c  s u l f u r  con- 
t e n t  of t h e  r a w  and deashed c o a l  when t r e a t e d  wi th  hydrogen. Again, excep t  f o r  
t h e  o r g a n i c  s u l f u r  c o n t e n t  o f  t h e  raw c o a l  which inc reased  s l i g h t l y ,  t h e  v a r i o u s  
s u l f u r  c o n t e n t s  a l l  dec reased  wi th  i n c r e a s i n g  tempera ture .  When t h e  c o a l  was 
he ld  a t  t empera ture  f o r  ex tended  p e r i o d s ,  t h e r e  was l i t t l e  change i n  t h e  s u l f u r  
con ten t  a t  tempera tures  below 600'C. However, a t  h i g h e r  t empera tu res  the  s u l f u r  
c o n t e n t  decreased  s i g n i f i c a n t l y  when t h e  sample was h e l d  a t  t empera ture  in hydrogen. 

The e f f e c t i v e n e s s  o f  hydrogen f o r  p r e f e r e n t i a l  removal of t h e  o rgan ic  s u l f u r  
can be determined by comparing t h e  d i f f e r e n c e s  i n  t h e  amount o f  o r g a n i c  s u l f u r  
removed dur ing  t r ea tmen t  w i t h  n i t r o g e n  and hydrogen. Any d e s u l f u r i z a t i o n  i n  n i t r o -  
gen i s  due t o  t h e  e v o l u t i o n  o f  v o l a t i l e  compounds c o n t a i n i n g  s u l f u r .  The re fo re ,  
no matter what t he  t empera tu re  o r  t r ea tmen t  t i m e ,  a unique r e l a t i o n s h i p  should  
e x i s t  between t h e  o r g a n i c  s u l f u r  removed and t h e  weight l o s s .  The d a t a  c o l l e c t e d  
wi th  deashed Jude  c o a l  d i d  indeed  e x h i b i t  such  a r e l a t i o n s h i p  (F ig .  2 ) .  

I n  hydrogen, s u l f u r  is removed e i t h e r  by d e v o l a t i l i z a t i o n ,  a s  i n  n i t r o g e n ,  o r  
by r e a c t i o n  of t h e  hydrogen w i t h  s u l f u r  i n  t h e  o rgan ic  m a t r i x  t o  form hydrogen 
s u l f i d e .  
comparing t h e  o rgan ic  s u l f u r  removed v e r s u s  weight l o s s  cu rves  i n  hydrogen and 
n i t r o g e n  (Fig.  2 ) .  Up t o  a we igh t  l o s s  of about  40% (po in t  A ,  Fig .  2), t h e  o rgan ic  
s u l f u r  l o s s  cu rves  i n  t h e  t w o  gases  w e r e  n e a r l y  the  same. However, a t  h ighe r  
weight  l o s s e s ,  t h e  o r g a n i c  s u l f u r  removed i n  hydrogen inc reased  r a p i d l y  wi th  only  
a s l i g h t  i n c r e a s e  i n  weight  loss i n d i c a t i n g  t h a t  t h e  su l fur -hydrogen  r e a c t i o n  was 
t a k i n g  p l a c e .  All t h e  expe r imen ta l  p o i n t s  a t  weight l o s s e s  g r e a t e r  than  t h a t  
shown by po in t  A were taken  a t  600 and 700'12. Reac t ion  of hydrogen wi th  t h e  s u l -  
f u r  i n  c o a l  appea r s  t h e r e f o r e  t o  be s i g n i f i c a n t  on ly  a t  t empera tu res  above 60OOC. 
A t  lower tempera tures ,  d e s u l f u r i z a t i o n  i n  bo th  hydrogen and n i t r o g e n  occur  on ly  
due to  removal of  v o l a t i l e ,  s u l f u r - c o n t a i n i n g  compounds. The o n s e t  of t he  hydrogen- 
s u l f u r  r e a c t i o n  accoun t s  f o r  t h e  r e d u c t i o n  of s u l f u r  c o n t e n t  w i th  inc reased  hold- 
i n g  t ime a t  tempera tures  above 600'C. 

The e f f e c t i v e n e s s  o f  hydrogenat ion  f o r  d e s u l f u r i z a t i o n  can  b e  judged by 

The f i n a l  g a s  t e s t e d  was a mix tu re  of n i t r o g e n  wi th  6% oxygen. The e f f e c t  on 
t h e  s u l f u r  con ten t  of t r e a t m e n t  i n  t h e  range from 350 t o  455°C was s l i g h t ,  w i th  
a s m a l l  dec rease  i n  t h e  amount of 
h e l d  a t  a tempera ture  i n  t h i s  range .  However, t he  amount of s u l f u r  i n  the  c o a l  
decreased  f a i r l y  s u b s t a n t i a l l y  as t h e  c o a l  w a s  hea ted  from room tempera ture  t o  

a l l  forms of  s u l f u r  o c c u r r i n g  i f  t h e  c o a l  w a s  
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350°C i n  an  o x i d i z i n g  a,tmosphere wi th  t h e  s u l f u r  c o n t e n t s  of t h e  two c o a l s  a t  
350°C be ing  as fo l lows :  

S u l f u r  Content ,  w t . %  
T o t a l  Organic 

Raw c o a l  4.77 2.58 
Deashed c o a l  3.87 3.39 

Transformation of S u l f u r  

i no rgan ic  s u l f u r  was t rapped  by t h e  o r g a n i c  p o r t i o n  of t h e  c o a l  du r ing  t h e  h e a t i n g  
p rocess .  This s a m e  phenomenon has  been observed  by Snow (1) and Cernic-Simic (2 ) .  
In an a t tempt  t o  estimate t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  r e l e a s e d  a s  gas  (GI) or  
transformed i n t o  o rgan ic  s u l f u r  ( f )  and t h e  f r a c t i o n  of o r i g i n a l  o rgan ic  s u l f u r  
r e l eased  as gas  (G2). t h e  fo l lowing  r e a c t i o n  scheme was p o s t u l a t e d .  

A s  prev ious ly  no ted ,  t h e  r e s u l t s  of t h e  exper iments  i n d i c a t e d  t h a t  some of the 

Ino rgan ic  S u l f u r  Ino rgan ic  S u l f u r  Gas 
i n  Coal A i n  t h e  So l id  Residue -+ Released(G1) 

F i x a t i o n  Reac t ion  wi th  
Carbonaeous Material ( f )  

Organic  S u l f u r  i n  + Gas 
Organic S u l f u r  \ 

i n  Coal t h e  So l id  Residue Released(G2)  

By assuming t h a t  t h i s  scheme a p p l i e d  t o  both  t h e  r a w  and deashed c o a l ,  G I ,  G2 
and f were e s t ima ted  from s u l f u r  m a t e r i a l  ba l ances .  Details of  t h e  c a l c u l a t i o n s  
are a v a i l a b l e  e l sewhere  ( 3 ) .  

The f i x a t i o n  r e a c t i o n , c h a r a c t e r i z e d  by f ,  s t a r t e d  a t  30OoC i n  n i t r o g e n  and 
inc reased  r a p i d l y  between 400 and 50OoC wi th  f r each ing  0 .7  a t  700°C. 
g e n e r a l l y  s m a l l  a t  a l l  t empera tu res ,  be ing  between 0 and 0.1. G2 inc reased  
r a p i d l y  between 300 and 500°C, and then  s t a r t e d  t o  l e v e l  o f f  between 600 and 
7OOOC. About 70% of t h e  o r i g i n a l  o rgan ic  s u l f u r  was r e l e a s e d  as  gaseous  com- 
pounds a t  700'C. 
t h e  sample w a s  kep t  a t  c o n s t a n t  tempera ture  was small. 

GI was 

I n  n i t r o g e n ,  t h e  e f f e c t  on G I ,  G 2  and f o f  h o l d i n g  t ime when 

The f r a c t i o n  of  i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  was 
l a r g e r  i n  hydrogen than  i n  n i t r o g e n  a t  low tempera tures  ( F i g .  3 ) .  However, f 
remained c o n s t a n t  a t  tempera tures  above 400°C. 
inc reased  wi th  i n c r e a s i n g  tempera ture  a s  it had i n  n i t r o g e n .  f and G2 i nc reased  
s lowly  when t h e  smaples were he ld  a t  4OO0C, wh i l e  GI remained r e l a t i v e l y  cons t an t .  
A t  7OO0C,  GI and G 2  bo th  inc reased  s l i g h t l y  wi th  ho ld ing  t ime,  b u t  f decreased  
from 0.5 t o  about  0 .2  when t h e  ho ld ing  t i m e  was v a r i e d  from 0 to 60 min. Apparent- 
l y  t h e  H2S formed from t h e  o rgan ic  s u l f u r  r e a c t e d  wi th  the  i r o n  t o  produce FeS. 

GI w a s  a g a i n  small, whi le  G2 

The f r a c t i o n  of i no rgan ic  s u l f u r  t ransformed i n t o  o rgan ic  s u l f u r  ( f )  i n  t h e  
o x i d i z i n g  atmosphere w a s  comparable t o  t h a t  i n  n i t r o g e n  a t  t h e  same tempera ture .  
It inc reased  r a p i d l y  from about  0 . 1  a t  35OoC t o  0.36 a t  45OoC. The f r a c t i o n  of 
i no rgan ic  s u l f u r  r e l e a s e d  i n t o  t h e  gas  phase (GI) was much l a r g e r  than  i n  n i t rogen  
o r  hydrogen s i n c e  t h e  r e a c t i o n  of p y r i t e  w i th  oxygen is thermodynamically more 
f avorab le  than t h e  r e a c t i o n  of p y r i t e  w i th  hydrogen. GI was a lmos t  unchanged wi th  
temperature between 350 and 455OC and was equa l  t o  about  0 .3 .  G2 a l s o  was l a r g e r  
i n  t h e  oxygen-nitrogen mixture  and inc reased  r a p i d l y  wi th  t empera tu re .  About 55% 
of  t h e  o rgan ic  s u l f u r  was r e l e a s e d  a t  455OC. G 1  and G2 bo th  i n c r e a s e d  wi th  hold- 
i ng  t ime a t  400'C i n  the  o x i d i z i n g  atmosphere,  wh i l e  f dec reased  as t h e  ho ld ing  
t i m e  was inc reased .  
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CONCLUSIONS 

Temperature i s  t h e  most i m p o r t a n t  f a c t o r  i n f l u e n c i n g  d e s u l f u r i z a t i o n  i n  t h e  
The h o l d i n g  t i m e  a t  t e m p e r a t u r e  i s  less impor tan t  except  i n  t h r e e  gases  t e s t e d .  

t h e  c a s e  of hydrogen above 600'C where t h e  s u l f u r  c o n t e n t  of t h e  sample d e c r e a s e s  
w i t h  i n c r e a s e d  h o l d i n g  t i m e .  The e x p e r i m e n t a l  ev idence  i n d i c a t e d  t h a t  t h i s  was 
due t o  t h e  d i r e c t  r e a c t i o n  of hydrogen w i t h  s u l f u r  i n  t h e  o r g a n i c  p o r t i o n  of t h e  
c o a l  which t a k e s  p l a c e  o n l y  a t  tempera tures  of  6OO0C o r  above. I t  was observed 
i n  t h e  exper iments  t h a t  some i n o r g a n i c  s u l f u r  was t ransformed i n t o  o r g a n i c  s u l f u r  
d u r i n g  t h e  gaseous t r e a t m e n t .  The f r a c t i o n s  of i n o r g a n i c  and o r g a n i c  s u l f u r  
r e l e a s e d  a s  g a s e s  and t h e  f r a c t i o n  of i n o r g a n i c  s u l f u r  t ransformed i n t o  o r g a n i c  
s u l f u r  were e s t i m a t e d  f o r  e a c h  of t h e  gas  atmospheres and c o n d i t i o n s  of tempera- 
t u r e  and t i m e  used. 
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Fig.  I .  ~ f f e c t  of temperature  on  F i g .  2 .  Organic s u l f u r  removal 
t h e  s u l f u r  con ten t  of  r a w -  a s  a f u n c t i o n  of sample 
and deashed coa l  heated weight l o s s  f o r  deashed 

1 i n  hydrogen. c o a l .  
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F i g .  3 .  E f f e c t  of  temperature on the transform; 
' a t i o n  of  s u l f u r  i n  a hydrogen atmosphere. 
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